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ABSTRACT 
Torrefaction is a mild thermal (200 – 300 ÛC) treatment in an inert atmosphere, which is known 
to increase the energy density of biomass by evaporating water and a proportion of volatiles. In this 
work, the influence of torrefaction on the chemical and mechanical properties (grindability and 
hygroscopicity) of wood chips, wood pellets and wheat straw was investigated and compared. The 
mass loss during torrefaction was found to be a useful indicator for determining the degree of 
torrefaction. For all three biomass, higher torrefaction temperature or longer residence time resulted in 
higher mass loss, higher heating value, better grindability, and less moisture absorption. However, 
severe torrefaction conditions were found not necessary in order to save energy during grinding, since 
strain energy and grinding energy decreased tremendously in the first 5 - 25% anhydrous weight loss.  
By correlating the heating value and mass loss, it was found that wheat straw contained less heating 
value on mass basis than the other two fuels, but the fraction of energy retained in the torrefied sample 
as a function of mass loss was very similar for all three biomass. Gas products formed during 
torrefaction of three biomass were detected in situ by coupling mass spectrometer with a 
thermogravimetric analyzer (TGA). The main components were water, carbon monoxide, formic acid, 
formaldehyde, methanol, acetic acid, carbon dioxide, and methyl chloride. The cumulative releases of 
gas products from three biomass fuels at 300 ÛC for 1 h were compared, and water was found to be the 
dominant product during torrefaction. 
The degradation kinetics of wheat straw was studied in TGA by applying a two-step reaction in 
series model and taking the mass loss during the initial heating period into account. The model and 
parameters were proven to be able to predict the residual mass of wheat straw in a batch scale 
torrefaction reactor with different heating rates well. It means the mass yield of solids in the real 
torrefaction facility can be predicted by simply knowing the temperature curve of the sample.  
The pellets pressed from torrefied spruce increased significantly in length after pelletization, 
which indicates worse quality of inter-particle bonding with correlation to higher torrefaction 
temperatures. Pine pellets that are torrefied subsequent to pelletization exhibited better durability, no 
spring back effect or disintegration was observed. A good correlation was found among compression 
strength of single pellet, durability of the whole batch pellets, and the energy use during grinding. The 
pellet durability can thus be estimated based on compression strength data of about 25 pellets.  
 
   
Keywords: Torrefaction, wheat straw, wood chips, pellets, grindability, heating value, kinetics, tensile 
strength, durability, chemical structure, HGI, FTIR, MS, TGA, hygroscopicity, grinding energy. 
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Dansk Resume  
Torrefaction, der er en mild varmebehandling (200 – 300 ÛC) i inert gas, er kendt for at øge 
energidensiteten af biomasse ved fordampning af vand samt en mængde flygtige komponenter. I dette 
studie, er påvirkningen fra torrefaction på træflis’, træpillers og hvedehalms kemiske og mekaniske 
egenskaber (formalingsegenskaber og vandabsorption) undesøgt. Massetabet under torrefaction blev 
påvist at være en nyttig indikator til bestemmelse af torrefactionsgraden. For alle tre biomasser 
resulterede højere torrefactiontemperaturer eller længere opholdstid i større massetab, højere 
brændværdi, bedre formalingsegenskaber samt mindre fugtabsorption. Imidlertid, blev høj 
torrificerinsgrad fundet unødvendige med henblik på at spare energi under formaling, da 
belastningsenergien aftog eksponentielt, i løbet af de første 5-25% vandfrit massetab. Ved at korrelere 
brændværdien med massetabet, blev det fundet, at hvedehalm havde lavere brændværdi på massebasis 
end de andre to brændsler, samt at andelen af tilbageværende energi i de torreficerede materialer som 
funktion af massetab, var stort set identisk for alle tre biomasser. Gasprodukter dannet under 
torrefaction af tre biomasser, blev bestemt in situ ved kobling af masse spektrometer med en termo 
gravimetrisk analysator (TGA). Hovedkomponenterne var vand, kulilte, myresyre, formaldehyd, 
methanol, eddikesyre, kuldioxid og methylklorid. Den kumulative frigivelse af gas produkter fra tre 
biomassebrændsler for en times torrefaction ved 300 ÛC blev sammenlignet og det blev fundet at vand 
var det primære produkt fra torrefaction. 
Degraderingenskinetik for hvedehalm blev undersøgt i en TGA ved at anvende en model for en 
to-trins reaktion i serie og tage hensyn til den dynamiske opvarmnings periode. Det blev eftervist at 
modellen og parametrene kunne forudsige den tilbageværende masse af hvedehalm i en batchskala 
torrefactionsreaktor med varieret opvarmningshastighed. Det betyder massetab af faste stoffer i den 
virkelige torrefaction anlægget kan forudsiges ved blot at kende temperaturkurven af prøven. 
Ved pilletering torreficeret grantræ, øgedes længden af pillerne væsentligt jo højere 
torrificeringsgraden, hvilket indikerer lavere kvalitet af de interpartikulære bindinger som funktion af 
højere torrefactionstemperatur. Piller af fyr, torreficeret efter pilletering, udviste bedre bestandighed, og 
hverken tilbagefjedring eller smuldringeffekter blev observeret. En god korrelation blev fundet mellem; 
kompressionsstyrke af enkelte piller, bestandighed af hele pillepartier og energiforbrug under neddeling. 
Derfor kan pillers bestandighed estimeres ud fra kompressionsstyrkedata fra ca. 25 piller. 
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Chapter 1 
Introduction 

The work presented in this thesis has been carried out at Technical University of Denmark and 
Shagnhai Jiaotong University, China. The project was funded by ENERGINET.DK and the ForskEL 
program (Project 2009-1-1-10202, Torrefaction of Biomass) and DONG Energy Power A/S. The aim 
of the work has been to understand torrefaction and the property changes of biomass caused by 
torrefaction at different operation conditions. The goal was to achieve a product which could later be 
used for co-firing in large scale utility boiler for DONG. Further aims were to combine the pelletizing 
process with torrefaction to achieve a product with even higher energy density and durability.  
 This thesis includes six papers. Paper I and II characterize the property changes of wheat straw, 
pine chips and Scots pine pellets caused by torrefaction. Paper III and IV deal with pellets made from 
torrefied Norway spruce and Scots pine pellets that are torrefied subsequent to pelletization. In Paper V 
and VI the degradation kinetics and devolatization of wheat straw was investigated, and a method was 
developed for predicting the mass yield and energy yield of feedstock in real production. 
Background 
The role of sustainability in the heat and electricity production continues to increase worldwide. 
The European Commission has set a binding target of a 20% share of renewables in the energy 
consumption by 2020 [1]. However, biomass fuels (in forms of straw and industrial biomass waste and 
wood) are more challenging to utilize than fossil fuel.  The low energy density of biomass fuel causes a 
higher transportation and storage cost compared to coal, and it also reduces the thermal capacity in 
boilers when co-fired with coal [2]. The high moisture content present in biomass and their ability to 
absorb moisture from the surrounding atmosphere increase the costs of thermochemical conversion due 
to the drying stage [3]. The tenacious and fibrous nature of biomass is another important issue when it 
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comes to grinding the fuels before utilization. Torrefaction is a technique to improve the energy density 
of biomass, which involves the heating of biomass to moderate temperatures typically between 200 and 
300 ÛC in the absence of oxygen and under atmospheric pressure. During the treatment, biomass starts 
to decompose and release torrefaction gas together with moisture. Thereby, the energy density of the 
torrefied biomass is increased. Moreover, during the torrefaction the structure of the torrefied biomass 
is changed to be more brittle and more hydrophobic [4]. All these property changes favour the 
replacement of fossil fuel with torrefied biomass in connection with co-milling and co-firing with coal 
in large scale utility boilers. 
The process of torrefaction has been known for processing of wood since about 1930. However, 
it is only recently that it has been claimed to be beneficial for modern biomass utilization due to the 
increasing demand of fuel and arising concerns of global warming problem. Meanwhile, the knowledge 
of torrefaction is not clearly defined yet. For example, there is lack of detailed understanding about 
chemistry occurring during torrefaction, and no mathematical model that can be directly used for 
predicting the mass yield of solids in real production was developed, etc. Regarding the combination of 
torrefaction and pelletization, it was first proposed by Energy Research Centre of Netherlands in 2005 
[5]. So far only a few studies have been published about the pelletizing properties of torrefied biomass 
[6-8], and no other publications about the quality of torrefied pellets (different from pellets made from 
torrefied biomass) have been found. 
The plant composition 
Straw and woody biomass consists mainly of three groups of organic compounds: cellulose, 
hemicelluloses, and lignin. In addition to these three main constituents, there are various other organic 
compounds including small amounts of protein, small quantities of waxes, sugars and salts, and 
insoluble ash including silica [9].  
Cellulose 
The most abundant polysaccharide in plant tissue is cellulose. As the structural framework, 
cellulose is organized into microfibrils, each measuring about 3-6 nm in diameter and containing up to 
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36 glucan chains having thousands of glucose residues. It is a linear homopolymer of ȕ-(1ĺ4)-linked 
D-anhydroglucopyranosyl units, which occurs in nature largely in a crystalline form, and organized as 
fibrils [9] (as shown in Figure 1).  

Figure 1: Chemical structure of cellulose [10]. 
Hemicelluloses 
Hemicelluloses rank second to cellulose in abundance in cereal straws. Unlike cellulose, which 
is a unique molecule differing only in degree of polymerization and crystallinity, the hemicelluloses are 
non-crystalline heteropolysacharides and defined as the alkali soluble material after removal of the 
pectic substances. They form hydrogen bonds with cellulose, covalent bonds with lignin, and ester 
linkages with acetyl units and hydroxycinnamic acids. Hemicelluloses consist of various different sugar 
units that are arranged in different proportion and with different substituents. The chain may be linear 
but is often branched [9]. 
The hemicellulose content of softwoods and hardwoods differ significantly. Hardwood 
hemicelluloses are mostly composed of highly acetylated heteroxylans, generally classified as 4-O-
methyl glucuronoxylans. Hexosans are also present but in very low amounts as glucomannans. In 
contrast, softwoods have a higher proportion of partly acetylated glucomannans and 
galactoglucomannans, and xylans correspond to only a small fraction of their total hemicellulose 
content [11]. For wheat straw, the hemicelluloses were confirmed to be a (1ĺ4)-linked ȕ-D-xylan with 
D-glucopyranosyluronic acid (or 4-O-methyl-Į-D-glucopyranosyluronic acid) group attached at 
position 2, and L-arabinofuranosyl and D-xylopyranosyl groups attached at position 3 [12]. 
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
Figure 2: Chemical structures of main components of hemicelluloses [10]. 
Lignin 
Lignin is the encrusting substance binding the wood cells together and giving rigidity to the cell 
wall [9]. It is a phenolic macromolecule primarily formed by the free-radical polymerisation of p-
hydroxy cinnamyl alcohol units with varying methoxyl contents. The chemical structure of lignin is 
very complicated and is based on three monomeric precursors: coniferyl alcohol, sinapyl alcohol, and 
p-coumaryl alcohol (Figure 3). The proportion of these monomers varies among species and this ratio 
has been used for taxonomic purposes. Depending on the degree of methoxylation, the aromatic group 
is p-hydroxybenzyl (derived from p-coumaryl alcohol), guaiacyl (derived from coniferyl alcohol) or 
syringyl (derived from sinapyl alcohol). The former is not methoxylated, whereas the latter two have 
one or two methoxyl groups adjacent to the phenolic hydroxyl group, respectively. Softwood lignins 
are almost exclusively composed of residues derived from coniferyl alcohol (lignin type G), whereas 
hardwood lignins contain residues derived from both coniferyl and sinapyl alcohols (lignin type GS). In 
contrast, lignins derived from grasses and herbaceous crops contain the three basic precursors (lignin 
type HGS). As a consequence, hardwood lignins have higher methoxyl content, are less condensed and 
are more amenable to chemical conversion than lignins derived from conifers [9]. 
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
Figure 3: Chemical structures of main components of lignin [10]. 

Figure 4: Structure model of wheat straw lignin [9]. 
Thermal degradation 
In studies of heat-induced modifications of biomass properties, Svoboda et al. [13] summarized 
that the main changes in biomass due to torrefaction involve decomposition of hemicelluloses and 
partial depolymerization of lignin and cellulose. Bella et al. [14] heated American hardwoods to 
temperatures between 200 ÛC and 400 ÛC, and found a lower cellulose and hemicelluloses resistance 
compared to lignin. Gu et al. [15] studied thermal degradation of milkweed plant in the nitrogen 
atmosphere by using TGA-FTIR. Commercial lignin, cellulose and different hemicelluloses were also 
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tested. By comparing the weight loss and the temperature where the maximum rate of weight loss 
happened, it was concluded that hemicelluloses is the least stable component in milkweed floss, 
cellulose has a higher degradation temperature and degradation onset temperature, lignin begins to 
degrade at a lower temperature than milkweed floss, but it degrades more slowly as the temperature 
rises. The FTIR spectra at 300 ÛC in nitrogen show the main degradation products were H2O and CO2. 
The other organic volatile products were formic acid, acetic acid and methanol. Prins et al. [16] 
analyzed condensable products on HPLC and found that acetic acid and water are the main liquid 
torrefaction products of willow, while smaller quantities of methanol, formic acid, lactic acid, furfural, 
hydroxyl acetoneand traces of phenol are found. Šimkovic et al. [17] used TGA-MS to study thermal 
decomposition of xylan and have also observed these compounds. 
In paper I, characterization of chemical changes of wheat straw due to torrefaction was 
monitored by Attenuated Total Reflectance (ATR) – Fourier transform infrared (FT-IR) spectroscopy, 
where samples were torrefied before recording the spectra. In paper II, the contents of lignin, cellulose 
and hemicelluloses for raw and torrefied pine chips, pellets and wheat straw were determined by 
chemical analysis, and the evolved gas during torrefaction was detected in situ by coupling a mass 
spectrometer with the TGA. In paper V, the relative amount of most gas products from wheat straw 
when torrefied at 250 ÛC and 300 ÛC were compared, and the amount of water released was quantified 
based on the MS intensity.  
Grindability 
A review of grindability study 
Grindability is one of the fuel characteristics power plants are concerned most when talking 
substituting biomass for coal, because it directly decides if the existing coal mills are able to be used 
for biomass fuels to reduce the particle size efficiently small for a complete combustion. A list of 
published results regarding grindability study of torrefied biomass is given in Table 1. There are several 
types of milling equipment available, for example ball mill, pin mill, hammer mill, cutting mill, knife 
mill/blender, etc. Different mills run by different function principles. Cutting mills work by cutting and 
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shearing force; hammer mills reduce the particle size by hammering, i.e. impact and shear forces; ball 
mills perform by the interaction between frictional and impact force caused by difference in speeds 
between the balls and grinding jars. Because of the Hardgrove Grindability Index (HGI) test, ball mill 
is widely used in the experiments for grindability of coal and biomass. However, in real production 
cutting mills and hammer mills are more suitable for grinding biomass materials of a fibrous nature like 
straw [25,26]. It can be seen in Table 1 that there are several parameters related to size reduction 
experiments, due to their relevance to the technical and economic feasibility. For example, power 
consumption of grinding the torrefied biomass is needed for estimating the whole energy balance of 
torrefaction, pulverizing and pelletization; mill capacity is relevant to deciding the capital investment; 
and particle size distribution is considered as product quality, which is crucial to the fluidization 
performance. 
As shown in Table 1, all studies showed that grinding energy and particle size distribution 
decreased with increasing torrefaction temperature or time, but sever torrefaction was approved not 
necessary by Bergman [28] and Repellin V. [32]. Both Abdullah &Wu [29] and Deng [30] pointed that 
the shape of biomass fines after grinding is different from biochar and coal. Arias [4] also concluded 
that the length of the particles reduced with increased torrefaction temperature or time, while the 
diameter of the particles did not change a lot.  
Table 1: A list of experimental conditions and results of grindability study of torrefied biomass given by different 
authors (T: torrefaction temperature; t: torrefaction time). 
Author Equipment Material and 
(Testing items) 
Results 
Arias  
[4] 
Retsch SK100 
Cross beater mill. 
Feed: < 15 mm; 
final fineness: < 
100 μm; 
bottom sieve 
size: 2 mm. 
Eucalyptus, 240-280 
ÛC, 0-3 h. 
(Particle size 
distribution: > 425, 
425-150, 150-75, < 
75 μm.) 
When increasing T and t, the amount of 
particles passing to the lower size fractions 
increased. 
Particle size mainly reduced in length, as the 
diameter of the particles does not change 
appreciably with different conditions. 
Bridgeman 
[27] 
Retsch PM100 
ball mill. 
Feed: < 10 mm; 
final fineness: < 
1 μm. 
Willow, 240 ÛC and 
290 ÛC, 10 min and 
60 min. (HGI value.) 
When increasing T and t, HGI increased. 
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Bergman 
[28] 
Retsch SM2000 
cutting mill. 
Feed: < 60×80 
mm; 
final fineness: < 
0.25-20 mm. 
Willow, beach, larch, 
230 -270 ÛC, 8 -30 
min. (Power 
consumption, mill 
capacity,  
Particle size 
distribution.) 
Power consumption increased when reducing 
the resulting particle size; power consumption 
decreased when increasing T and t (but not 
significant when T > 250 ÛC, t > 8 min); mill 
capacity increased when increasing T; mass 
fractions of smaller particle size increased 
when increase T. 
Power consumption: willow>beech>larch; 
while the opposite for the mill capacity. 
Abdullah 
& 
Wu  
[29] 
Retsch MM400 
mixer mill. 
Feed:  8 mm; 
final fineness: § 
5 μm 
Mallee wood, 300-
500 ÛC, 30 min.  
(Particle size 
distribution,  
bulk density,  
volumetric energy 
density,  
SEM images of 
ground particles.) 
The particle size distribution decreased when 
increasing T (but not significant when T > 330 
ÛC); bulk density and volumetric density 
increased when increasing T (2 min grinding, 
600-700 kg m-3; 330 ÛC, 17-23 GJ m-3). 
Milling energy saving of 73-93% can be 
achieved by grinding biochar instead of 
biomass. SEM and image analysis showed 
short and round particles after grinding 
biochar, long and fibrous particles after 
grinding biomass. 
Deng  
[30] 
Ball mill Rice straw and rape 
stalk, 200-300 ÛC, 30 
min. 
(Particle size 
distribution: > 450, 
450-150, 150-100, < 
100 μm.) 
The ratio between course and fine particles 
decreased when T was increased. 
It was noted that slim powder of biomass is 
different from the coal particles with spherical 
or cubic shapes. 
Sadaka 
[31] 
(Small and equal 
pressure for 10 s) 
Wheat straw, 200-315 
ÛC, 1-3 h. 
(Visualization of the 
images.) 
Particle size decreased when increasing T 
and/or t. 
Repellin 
V. [32] 
Pre-ground in 
Retsch SM1 
knife mill, sieved 
between 2-4 mm, 
and then finely 
ground in Retsch 
ZM1 ultra 
centrifugal mill, 
equipped with 
500 μm grid. 
Spruce and beech 
chips, 160-300 ÛC, 5-
60 min. 
(Grinding energy, 
Particle size 
distribution, 
G value vs. AWL 
mx
EG
P200
 ,  E is 
grinding energy and x 
is the volumetic 
fraction of particles 
smaller than 200 μm.)
Increasing T or t, AWL increased, grinding 
energy decreased, and particle size 
distribution decreased linearly. 
Grinding energy decreased tremendously at 0-
8% AWL, but has low impact on particle size 
distribution. Particle size decreased 
significantly for treatments of 5 and 20 min, 
no further variation when duration increased 
to 40 and 60 min. G value is decreased of 93% 
when AWL is 28%. Fine grinding of natural 
wood requires almost 1/6 of its LHV. The 
effect of torrefaction on powder fineness is 
stronger for spruce than for beech.  
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Hardgrove Grindability Index test 
The Hardgrove Grindability Index (HGI) was developed as an empirical test to indicate how 
difficult it is to grind a specific coal to the particle size necessary for effective combustion in a 
pulverized coal fired boiler [33]. This test has been incorporated into the Standards of different 
countries, for example ASTM. The HGI value is based on the amount of sample passing through a 75 
μm sieve after being ground in a standard Hardgrove ball mill for 60 revolutions for each fixed amount 
of feed (50 g) with certain range of particle size (0.6 – 1.18 mm). The lower the number, the more 
difficult the material is to grind. The reason of choosing this particle size is that the preferred particle 
size range for pulverized coal combustion in a boiler to generate electric power, pulverized coal 
injection in cement or iron factories, and syngas production is nominally 70% of particles less than 75 
μm in diameter and 99.5% of particles less than 300 μm in diameter. In general, particles less than 75 
μm react in the volume of gas surrounding them. Particles between 75 and 300 μm require some 
combination of turbulence at a specific temperature for a defined time for relatively complete 
combustion. Particles larger than 300 μm do not burn out completely in the time available in the reactor 
and result in unburned carbon [33]. Joshi [34] and Agus and Waters [35] pointed out that the equal 
weight approach is unsatisfactory for making direct comparisons among fuels with densities differ a lot. 
To correct this situation and to bring evenness in grindability ratings of biomass and coal, Bridgeman et 
al. [27] used the same fixed volume (50 cm3) for each feed as opposed to a fixed mass (50 g).  In paper 
I and II, a similar method was used for calculating the equivalent Hardgrove Grindability Index 
(HGIequiv). Particle size distribution analysis was also included as a complement to the HGI test, and 
grinding energy consumption was measured for wood chips and wood pellets in paper II.   
Tensile strength test 
As HGI is an empirical method to indicate how difficult it is to grind a specific coal. There is 
lack of research done for using HGI to indicate the grindability of biomass material, and it is not linked 
with any known physical property of coal. It is uncertain how well this HGI relates to the grindability 
of biomass. Therefore, it is important to measure at least one physical property of biomass. Considering 
the structure of biomass (in form of straw) and the relevance to the grinding process, it was decided to 
investigate the tensile strength of biomass material before and after torrefaction. Tensile strength is the 
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maximum stress that a material can withstand while being pulled before breaking. Furthermore, by 
measuring the elongation of the specimen while pulling it apart, strain energy at fracture per unit 
volume under tensile force can be calculated. Yigit [36] related the energy absorbed per unit new 
surface produced in the comminution and the strain energy per unit volume of the solid at fracture, and 
established mathematical models assuming fracture by tensile stresses. Mathematical models of new 
surface energy derived from different fracture patterns all have a positive linear relationship with strain 
energy per unit volume if the starting particle size and the reduction ratio are constants. Although the 
models cannot represent the fully realistic fracture pattern of a comminution process, they allow using 
the relative change of the strain energy at fracture under tensile force at different torrefaction 
temperatures as an indication of how much energy could be saved during grinding with the same 
circumstances. Some research has been done for measuring the tensile strength of raw biomass material, 
but not for torrefied biomass. The main difficulty encountered when measuring the tensile strength of 
biomass like straw was the brittle nature of stems, which caused it to fail at the clamps at each end of a 
specimen when a tensile force was applied. To solve this problem, Wright [37] prepared specimens 
with special end grips. O’Dogherty [38] developed a mechanical device, in which short lengths of steel 
rod were inserted into the specimen ends. The ends were then gripped by rubber jaws which had emery 
paper inserts interposed between the rubber and the straw. The rubber was mounted in steel clamps 
which could be rapidly clamped to the specimens. In paper I, tensile strength of wheat straw torrefied at 
different temperatures was measured by gluing the ends of specimen between 2 pieces of aluminum 
using ‘Loctite super glue’, and results were compared with those from literature.  
Pelletization 
Wood pellets are the only solid biofuels that has a global market, and they are still and will be 
one of the main feedstock of biomass used in power plants in Denmark. Moreover, pelletization is the 
future of torrefaction to make it transportable and ready for market. Several studies [5,7,8,39,40] have 
been made investigating the pelletizing properties of torrefied biomass. Gilbert et al. [8] and paper III 
indicate that pellet production from torrefied biomass can be challenging and can result in problems 
during processing and pellet quality. It was shown that torrefaction of biomass increases the friction in 
the press channel of a pellet mill and that the manufactured pellets are more brittle and less strong 
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compared to conventional pellets. Wood pellets made from untreated biomass have high mechanical 
properties which arise from the thermal softening of lignin, its subsequent flow and the formation of 
what can be referred to as an “entanglement network of molten polymers” [41]. The interpenetration of 
lignin polymer chains results in strong bonds upon cooling and solidification of the pellet. In paper IV, 
the quality of torrefied Scots pine pellets (different from pellets made from torrefied biomass) was 
studied for the first time. The idea behind this was to investigate whether these strong bonds outlast the 
torrefaction process and whether this might be a feasible method to produce pellets of a high 
mechanical stability and high energy density. Furthermore, a set of fast and simple laboratory test 
methods was established for controlling the pellets’ quality. 
A review of kinetic study 
There are plenty of research data [18] relating to pyrolysis of biomass under both dynamic 
conditions (non-isothermal) and steady-state (isothermal) conditions. The main advantage of 
determining kinetic parameters by non-isothermal methods rather than by isothermal studies is that 
only a single sample is required to calculate the kinetics over an entire temperature range in a 
continuous manner. However, it is widely agreed that multiple heating rates should be adopted to 
enhance the accuracy of the non-isothermal method [18].  
In case of torrefaction, all kinetic studies [19-21] were conducted under isothermal condition. 
Repellin et al. [20] proposed that torrefaction is kinetically controlled and neglected heat transfer 
within wood chips in their study, because the time taken for the center of a wood chip to reach the 
temperature imposed at the surface of these chips is short compared to the heating rate and the 
residence time of torrefaction (e.g. at 200 ÛC, this characteristic time was 8 s for beech with a size of 
around 2×15×30 mm and 11 s for spruce with a size of around 5×20×50 mm). It was also concluded 
that for a residence time of more than 20 min, the Anhydrous Weight Loss (AWL) depends almost 
entirely on the torrefaction temperature, because AWL is composed of two stages. The first stage is 
completed within 20 min with a rapid increase, the second stage matches with a slow increase. They 
used activation energies found in the literature and adjusted kinetic constants for the three models to fit 
the calculated weight loss to the experimental data using a minimization of least squares method. The 
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models used were a global one-step reaction model, a Di Blasi and Lanzetta model [22], and a Rousset 
model [23].  The Rousset model assumes that lignin and cellulose hardly react; hence the 
decomposition of hemicelluloses is the reason for the overall AWL of wood. However, Repellin et al. 
[20] only compared the final AWL with experimental results; no comparison was conducted on the 
degradation of wood as a function of time.  
Di Blasi and Lanzetta [22] used a two-step reaction in series model for studying the intrinsic 
kinetics of isothermal xylan degradation under inert atmosphere in the temperature range of 200-340 ÛC. 
They found that a one-step global reaction did not fit the experimental results satisfactorily, as the time 
derivative of the solid mass fraction as a function of temperature exhibited a double peak. In both steps, 
a competitive volatile and solid formation was taken into account. In a later study done by Branca and 
Di Blasi on beech wood [24], it was suggested that the first step is due to the degradation of extractives 
and the most reactive fractions of hemicelluloses, and the second step is due to the degradation of 
cellulose and part of lignin and hemicelluloses. For temperatures higher than 327 ÛC there is a third step, 
which can be attributed to the degradation of lignin and small fractions of the other two constituents. Di 
Blasi and Lanzetta [22] pointed out the usual limitation encountered in order to attain the isothermal 
stage is that by using slow heating rates to avoid intra-particle temperature gradients usually result in 
non-negligible weight loss in the heating stage. Therefore, high heating rates (40 - 70 K s-1) were 
adopted, and the char yield was determined as a function of the sample size prior to the tests to ensure 
no influence from the temperature spatial gradients. Constant char yields were attained for sample 
thickness around 100 μm, so particle size of 50 μm was chosen for the test. Di Blasi and Lanzetta [22] 
used graphical method to determine kinetic parameters by taking logarithm of the relative residual mass 
over reaction time for each step.  
Prins et al. [21] first adopted Di Blasi and Lanzetta [22] model for studying torrefaction of 
willow, and used a numerical approach (MATLAB) to fit all kinetic parameters by minimizing the sum 
of squares function of experimental and model results. Different from Di Blasi and Lanzetta [22], 
bigger particle size (0.7-2.0 mm) and a much lower heating rate (10 ÛC min -1 to reach the isothermal 
part) were used in the experiments in TGA. The kinetic parameters were obtained from the isothermal 
part of torrefaction by neglecting the degradation of sample during the heating period. The model fit 
the experimental results obtained with the high heating rate (100 ÛC min-1) at 260 ÛC well at first 14 
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min. By calculating the Biot number and Pyrolysis number, it was concluded that for pyrolysis of wood 
with diameter of less than 2 mm below 300 ÛC, the reactions are the rate limiting step and internal heat 
transfer in the wood particles can be neglected.  
Chen and Kuo [19] analyzed the thermal decompositions of the 3 constituents (hemicelluloses, 
cellulose and lignin) separately using TGA at 200-300 ÛC with 1 h residence time. Kinetic parameters 
were derived by applying a global one-step reaction model to the weight loss curve for these 3 
constituents. With the assumption of no interaction among constituents, the torrefaction of a mixture 
can be described by the superimposed kinetics. Same as Prins et al. [21], the heating period is not taken 
into account while using the low heating rate. It can be seen in their experimental results that the 
conversion of hemicellulose and xylan is already as high as 70% at the beginning of torrefaction at 300 
ÛC. So the interpretation of the data lacks an important part of the whole process. And hence the use of 
this model will be limited if different heating rates are applied.  
In paper V, a two-step reaction in series model [21,22] was used to study the kinetics of wheat 
straw torrefaction. The mass loss during heating period was taken into account when deriving the 
kinetic parameters from the isothermal part of torrefaction; model results obtained with and without 
including the non-isothermal part of torrefaction were compared with experimental data at different 
heating rates. It was also proven that the mass yield of wheat straw from a batch reactor can be 
predicted accurately by simply knowing the temperature profile of the sample during the reaction. The 
objective of this paper is to develop a kinetic expression that can predict the mass loss and gas 
evolution during torrefaction under real production conditions. In paper VI, this model was further 
related to the heating value and energy yield plot of biomass torrefied at different temperatures. A 
method of predicting the heating value of the solid products during torrefaction was thus established.  
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Chapter 2 
Materials and methods 
 
The materials and methods used in the papers on which this thesis is based will be introduced 
briefly in the following. References will be given to the corresponding paper, where a more detailed 
description of each experiment is found. 
Materials 
Winter wheat straw (Triticum aestivum L.) was used which was the most grown wheat species 
in Denmark in 2008. It was harvested on the island of Funen, Denmark (55°21ĄN 10°21ĄE) in 
August 2008 and cut by hand and stored indoors packed in paper bags.  
Pellets made from pine wood (Pinus sylvestris L.) were supplied by Verdo’s pellet factory in 
Scotland. The diameter of the pellets was 6 mm.  
Wood chips were Danish pine wood from various sources on Zealand, Denmark (55° 30ƍ N 11° 
45ƍ E). The size of the chips varied from 30×30×20 mm to 100×100×30 mm. The chips were stored for 
several months in a shielded container with air circulation and had a constant moisture content of 
around 16% on mass basis. 
Norway spruce (Picea abies K.) was harvested in southern Sweden (Skåne/Småland) during 
2007. Wood stems were collected in autumn, debarked and comminuted into wood chips. The material 
was dried by free air circulation for four weeks and further chopped into particles < 5 mm in diameter 
using a hammer mill, then packed in paper bags. The used samples had a particle size between 1 and 
2.8 mm and the mass fraction of water was about 8.2%. 
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Methods 
Torrefaction 
Samples were dried in the oven at 104 °C for 24 h, and subsequently placed in an air tight metal 
reactor (15×31×10 cm) with a gas in and outlet (drawing of the reactor and oven refers to paper V). 
The reactor was placed in an oven (type S 90, Lyngbyovnen, Denmark) and heated up to the desired 
torrefaction temperature. The heating rate programmed for the oven was 6 °C miní1. Nitrogen flow 
through the reactor was adjusted to 0.5 L miní1 to create an inert atmosphere. A thermocouple placed 
in the middle of the reactor (noted as ‘rotten’ in Figure 5) was used for temperature control. The 
residence time of the torrefaction process was started when the thermocouple inside the reactor 
(‘rotten’) has reached the set temperature. Afterwards the oven was shut down and the reactor was 
allowed to cool down. An example of temperature profiles at different places of the empty reactor 
during torrefaction of 240 ÛC is shown in Figure 5. The time delay caused by heat transfer from the 
bottom to the top of the reactor at 240 ÛC was around 15 min, and the temperature difference in the 
reactor was about 5 ÛC. Such temperature measurements were done at each torrefaction temperature for 
the empty reactor. The anhydrous weight loss (AWL, %) was determined as the mass loss of dried 
samples after torrefaction. For detailed equations refer to paper II. 

Figure 5: Temperature at different places in the batch reactor without samples during torrefaction of 240 ÝC. 
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Hardgrove Grindability Index tests 
Hardgrove Grindability Index (HGI) test in principle is a simple and widely used measure of 
grindability for coal. It was performed in a standard Hardgrove grinder (3200LB, AUBEMA, Germany) 
pursuant to the ASTM D409-51 (1961) standard. The test feed volume was 50 cm3 with a particle size 
between 0.6 and 1.18 mm, this was done by pouring the particles into a 50 cm3 volumetric flask and 
vigorously stamping on a wooden board to the point where further stamping did not reduce the volume 
of the material. The loading of the top grinding ring was 290 N and the grinding time was 3 min (60 
revolutions). The standard HGI can be determined by Eq. (1) [42] from the mass (in units of gram) of 
the ground product passing through the 75 μm sieve.  
Standard HGI was measured for a reference coal sample (RUKUZN, supplied by DONG 
Energy, Denmark) at 3 different moisture contents on wet material basis (w.b.) (0%, 6.3%,and 9.0%) 
by using the same fixed volume (50 cm3) for each feed according to Eq. (1). Then the relationship 
between the mass fraction of the coal samples passing through the 75 μm sieve after the grinding 
(denoted as ‘x’) and the equivalent HGI (HGIequiv) can be established based on the results from the 
reference coal sample. The result is given in Eq. (2) with R2 = 0.9993. 
mmHGI P7593.613 u 
                                                                                                                       (1) 
3577.0
2521.5 xHGI equiv                                                                                                                              (2) 
Heating value 
A Bomb calorimeter (6300, Parr Instrument Company, USA) was used to determine the higher 
heating value (HHV, MJ kg-1). Initially, the calorimeter was calibrated using benzoic acid tablets. 
Particles smaller than 1 mm were placed in the crucible and fired inside the bomb calorimeter using an 
ignition wire in the presence of oxygen. The measurements were repeated at least 2 times, and the 
average value was used for calculation. 
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Ash content 
Ash content was determined by placing the samples(about 0.4 g each) in a muffle furnace with 
adequate ventilation (Nabertherm B 180, Germany) at 550 ÛC for 3 h, 2 measurements were taken for 
each sample. Prior to the measurement, samples were oven dried at 105 ÛC overnight and crucibles 
were heated at 550 ÛC for 1 h.  
For those samples torrefied in TGA, ash content was determined by heating the sample in the 
atmosphere of air to 850 ÛC at 50 ÛC min-1 right after the torrefaction and held for 5 min. According to 
Mayoral et al. [43], this method gave an ash quantification of an error of ± 0.5% compared to the 
ASTM method.  
Biomass composition 
The content of lignin, cellulose and hemicelluloses was determined according to ASTM E 
1758-01 [44] and Kaar et al. [45]. A representative sample (about 0.16 g) smaller than 1 mm was 
dissolved in 72 % H2SO4 at room temperature and then hydrolyzed in dilute acid (4 % H2SO4) at 121 
ÛC by autoclavation for 60 min. Hemicelluloses and cellulose contents were determined by HPLC 
(Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) analysis of liberated sugar monomers in the filtered 
liquids, such as xylose, arabinose, galactose, mannose, and glucose, respectively. Klason lignin content 
was determined based on the residual filter cake corrected for the ash content. Duplicate measurements 
were mad for each sample. 
ATR-FTIR 
ATR-FTIR spectroscopy is a facile method which provides direct information from the outer 
(ȝm) sample surface layers with no requirement for prior sample preparation. The spectra recorded 
provide basic and in principle quantitative information on the sample cell wall polymers and their 
chemical modifications. Samples with size fraction between 250 and 600 μm were used for the FTIR 
test. Before the test, samples were dried in the oven at 40 ÛC for 24 h. ATR-FTIR spectra (4000 - 650 
cm-1) were recorded using a Fourier transform infrared spectrometer (Nicolet 6700 FTIR, Thermo 
Electron Corporation, USA). The system was equipped with a thermostat controlled ATR unit (T = 30 
ÛC) where the sample was pressed against the diamond surface using a spring-loaded anvil. All spectra 
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were obtained with 128 scans for the background (air) and 100 scans for the sample with a resolution of 
4 cm-1. Spectra were recorded from 10 different subsamples for each sample condition, and these 
spectra were normalized at around 690 cm-1 where the spectra are free of distinct IR bands. The 
average spectrum of the 10 normalized spectra was presented for each sample condition. 
Tensile strength 
Tensile tests of wheat straw were done using a tensile tester (Vantage, Thwing Albert, USA) 
with a video extensometer measuring the prolongation of the straw. First, the stem internode was 
prepared by removing the plant leaf material, and then a flat thin piece was cut from the hollow stem. 
The ends of the specimen were glued (Loctite super glue, Henkel, USA) into 2 pieces of aluminium, as 
shown in Figure 6. The length of the specimen was in the range of 3-6 cm, and the width of the 
specimen was in the range of 1.4-3.1 mm. The elongation rate was 1 mm min-1 and stress was recorded 
using a 250 N load cell. Data from samples that failed close to the aluminium tabs were rejected. Each 
measurement was repeated at least 4 times, except for wheat straw torrefied at 300 ÛC. Due to the 
brittleness of the sample, data were collected from only 2 samples. The tensile failure stress (or 
ultimate tensile strength), ı, of the specimen was calculated from the Eq. (3) [38]: 
A
Ft V                                                                                                                                                       (3) 
l
mA u U                                                                                                                                                   (4) 
Where Ft is the tension force at failure and A is the area of the specimen at the failure cross-section. 
The cross-section area was measured both by an electronic digital micrometer (Digital Micrometer DIN 
863, Diesella, Denmark) and calculated from the apparent density by assuming a uniform wall area and 
structure with length, as shown in Eq. (4), where ȡ is the apparent density of the straw, m and l are the 
mass and length of the specimen, which were measured before the test. Strain energy per unit volume 
was calculated as the area below the stress-strain curve in the diagram with the percent of elongation as 
X-axis and stress as Y-axis. [46] 
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
Figure 6: Specimen of tensile test. To the left, a sample before tensile strength is seen. To the right the sample after 
testing is seen.  
Apparent density 
Apparent density related to the tensile strength measurement was determined by coating the 
wheat straw samples (prepared the same way as tensile strength specimen) with paraffin wax, and then 
used volumetric pipettes and water to measure the volume of wax coated samples in a 25cm3 
volumetric flask. The mass of the straw sample was measured before coating, and the apparent density 
of wheat straw samples can be calculated by the following equation: 
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                                                                                                                    (5) 
Where ȡ means apparent density, V is the volume, m is the mass, ‘s’ means wheat straw, ‘w’ means 
wax, and ‘w+s’ means wax coated straw samples. Since preparing wax coated straw samples were time 
consuming, and it was difficult to keep samples not floating above the neck of the volumetric flask, 
apparent density was only measured for wheat straw torrefied at 150 ÛC, which was 0.26 ± 0.03 g cm-3. 
The apparent densities of wheat straw torrefied at other temperatures were calculated from the bulk 
densities. Bulk density was measured by filling the wheat straw particles in the range of 0.6-1.18 mm in 
a 50 cm3 volumetric flask, and then stamps the flask vigorously on a wooden board to the point where 
further stamping does not reduce the volume of the content. When the calibration mark of 50 cm3 is 
reached, stop and weigh the sample. Because the same size interval was used for all wheat 
strawparticles, it can be assumed that the volume of air between the particles is a constant for wheat 
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straw torrefied at different temperatures. By correlating the bulk density and apparent density of wheat 
straw torrefied at 150 ÛC, the value of this constant ‘c’ is available.  
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The apparent density of wheat straw torrefied at other conditions can be determined by their bulk 
densities, which were measured related to the Hardgrove grindability test. 
Compression test 
The internal strength of the pellets was analyzed by compression test and determined as the 
force at break. The single pellet was laid horizontally on the lower platen, and the upper platen 
mounted on a load cell was moved down at a certain speed to compress the pellet. The force and the 
corresponding position (displacement) of the upper plate were logged with 10 ms logging interval. 
Prior to compressing, the length and pellet mass were determined. At least 5 replications were tested 
for each sample.  
Durability test 
The pellet durability was determined according to the EN 15210-1standard [47], also known as 
tumbling can test. Prior to the testing, pellets were sieved through a 3.15 mm screen (round holes) to 
remove fines and dust from the samples. The amount of dust is referred to as ‘dust in sample’, and 
quantified as the difference in weight of the pellet sample before and after sieving, in percent of the 
sample before sieving. 500 g dust free pellets were loaded into the chamber of the standard durability 
tester and exposed to 500 rotations within a time interval of 10 min. The amount of fines formed during 
the test was determined by sieving the treated sample again through the 3.15 mm screen and 
determination of the weight difference before and after sieving. The durability value was calculated as 
the mass fraction of dust free pellets after the treatment in the pellets that was loaded into the tester. 
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Grinding energy consumption 
Energy consumption for grinding was determined using a commercial coffee grinder (Kenia, 
Mahlkönig, Germany) with a screw conveyer feeding system and a disc grinding system. The distance 
between the two separate discs could be adjusted manually. The power consumption of the coffee 
grinder in operation was determined using a wattmeter (THII, Denmark). The meter was connected to a 
data logging system (NI USB-6009, National Instruments, USA).  
Certain amount of sample (50 - 200 g) was fed into the feed hopper and the time required to 
grind the sample was recorded along with the energy consumed. The idling energy was measured 
before the material was introduced. The specific energy required for grinding was determined by 
integrating the area under the power curve corresponding to the time required to grind the sample 
minus the idling energy [48,49]. Particle size distribution was calculated based on sieve separation of 
the obtained biomass fraction using a sieve shaker (Retsch, Germany) with nine different sieves (mesh 
size of 75, 125, 250, 500, 1000, 1400, 2000, 3150, 5000 μm). The sieve shaker was run for 40 minutes 
and the weight of the individual fractions was determined subsequently.   
Hygroscopicity 
3 different saturated solutions were prepared in 3 desiccators below the platform using NaCl, 
KCl, and KNO3,which gave relative humidity values of 75.5%, 85%, and 92.5% at 25 ÛC, respectively 
[50,51]. Biomass samples with similar size were selected and packed in one plastic net. These nets, 
together with 3 empty nets (which accounted for the net sorption) were then put on the platform in the 
desiccators, which were placed in a well isolated and temperature monitored water bath. Equilibrium 
moisture contents (EMC) of the biomass samples were measured about once a week, and they were 
determined by the increase of the mass in the sample nets subtracting the increase of mass in the 
reference nets. 
Pelletization 
A single pellet press, which consists of a cylindrical die with 7.8 mm in diameter, was used to 
produce the pellets used in paper III. The die was heated to 100 ÛC before the test. Small spruce 
particles equilibrated at 65% relative humidity were loaded stepwise in amounts less than 0.25 g into 
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the unit, and then compressed at a rate of 2 mm s-1 until a maximum pressure of 200 MPa was reached. 
The pressure was released after 5 s, the piston removed and more biomass was loaded and compressed 
until the pellet had a length of about 16 mm.  
Thermogravimetric analysis 
Torrefaction of biomass (in the range of 250 and 300 ÛC) at heating rates of both 10 and 50 ÛC 
min-1 were carried out on a TGA (TG 209 F3, NETZSCH, Germany) with a nitrogen flow rate of 40 
cm3 min-1. Sample (< 0.09 mm) weight varied from 3 to 5 mg, and ceramic crucible was used for the 
test. In each test, sample was first heated up to 105 ÛC at 20 ÛC min-1 and held for 3 min for complete 
drying, then heated to desired torrefaction temperature and held for 90 min. Afterwards, purge gas was 
switched from nitrogen to air and sample was heated up to 850 ÛC at 50 ÛC min-1, and kept at this 
temperature for 5 min for complete combustion. The residual mass is the ash content.  
Simultaneous thermal analysis-mass spectrometric analysis (STA-MS) 
Torrefaction was also carried out using a simultaneous thermal analyzer (STA 409, NETZSCH, 
Germany). Approximately 10 mg of the sample was placed in the microbalance and heated at 10 ÛC 
min-1 under 50 cm3 min-1 argon or nitrogen, to a final temperature of 250 or 300 ÛC, and kept at this 
temperature for 1 h. The evolved gas was analyzed online by a quadrupole mass spectrometer (QMS 
403 C, NETZSCH, Germany) coupled to the STA. In order to prevent condensation of evolved gas, the 
transfer line and inlet system of QMS was kept at ca. 300 ÛC. A small portion of the evolved gas 
together with the purge gas was led to the ion source of mass spectrometer, since the pressure drops 
from atmospheric pressure in TGA down to high vacuum in the QMS.  
The analysis was focused on selected ions (m/z), in particular those which have been detected 
with high intensity. Since it is difficult to assign a given fragment to a single compound without 
confirmation by complimentary methods, the main detected m/z values were associated with the 
chemical species that are commonly present in gas products of biomass torrefaction or early stage of 
pyrolysis. A maximum number of 64 ions could be monitored as a function of time. The mass 
spectrometric intensities were normalized by the initial sample mass, and the background was 
subtracted. In order to compare the relative intensity of gas products at different temperatures, the 
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signals were further normalized by the total intensity current (TIC) of the experiment [52]. However no 
specific response factors were applied.  In order to reach the most reasonable association, the ion traces 
of both parent and fragment ions of most species have been considered.  
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Chapter 3 
Results and discussion 

This chapter summarizes the results and findings from research performed within this project. 
The different papers included in the thesis are referred to by superscripted Roman numbers: I, II, III, IV, 
and V. 
Characterization 
Biomass composition 
Results of the sugar composition in both raw biomass (wheat straw, wood chips, wood pellets) 
and biomass torrefied at 300 ÛC are shown in Table 2. Different monosaccharides were chosen for the 
determination due to the different biomass species. For wheat straw, hemicelluloses are mainly 
consisting of a (1ĺ4)-linked ȕ-D-xylan with D-glucopyranosyluronic acid (or 4-O-methyl-Į-D-
glucopyranosyluronic acid) groups attached at position 2, and L-arabionfuranosyl and D-xylopyranosyl 
groups attached at position 3 [9]. Hence, only xylose and arabinose were chosen. Glucose is mainly 
contributed by cellulose; however, it is likely that a small amount of glucose is also present in the 
hemicelluloses, but this has not been taken into account in this work. It can be seen that the 
hemicelluloses were totally degraded when torrefied at 300 ÛC (for 2 h) for all 3 biomass species, and 
cellulose was also strongly degraded under these torrefaction conditions.  
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Table 2: Mass fraction of sugar composition in both oven dried biomass and biomass torrefied at 300 ÝC for 2 h 
on dry material basis (d.b.) (paper II). 
Glucose Xylose Galactose Mannose Arabinose 
Acid 
insoluble 
fraction Ash  
Wheat straw 34.0 23.4 NDa ND 3.1 20.3b 4.6 
Wheat straw, 300 ÛC 0.9 0.3 ND ND 0.0 86.5 12.1 
Scots pine pellets 40.5 4.2 2.4 9.8 2.2 32.2b 0.7 
Scots pine pellets, 300 ÛC 0.2 0.0 0.0 0.0 0.0 98.8 1.1 
Pine chips 42.8 6.9 5.3 3.7 0.0 27.5b 1.3 
Pine chips, 300 ÛC 13.0 0.0 0.0 0.0 0.0 84.6 1.6 
a ND, not determined. 
b In case of untreated biomass, the acid insoluble fraction is defined as Klasson lignin content. 
ATR-FTIR 
Infrared spectra taken from wheat straw samples torrefied at different temperatures for about 2 
h are shown in Figure 7 with the bands of interest being identified by their wavenumbers. The band at 
670 cm-1 is characteristic for cellulose [53,54] and is an OH torsional vibration band. The fact that a 
significant decrease of this band is seen only for the highest temperatures between 270 ÛC and 300 ÛC 
shows that the cellulose component is largely stable until these temperatures are reached. The band at 
1160 cm-1 is attributed to the antisymmetric stretching of C-O-C glycosidic linkages in both cellulose 
and hemicelluloses [55,56]. Its decrease is attributed to depolymerization and is most significant at the 
higher temperatures, and for 300 ÛC the band is practically absent. Gierlinger et al. attributed the band 
at 1240 cm-1 to the anti-symmetric stretching of C-O-C of acetyl groups [56]. There are no acetyl 
groups existing in the hemicelluloses of wheat straw. However, for both reference xylans a band is 
found at 1245 cm-1 and is of approximately the same strength as the (xylan) 900 cm-1 band. The 
assignment of the 1240 cm-1 band to lignin can also not be ruled out. The peak observed at 1505 cm-1 is 
diagnostic of lignin [55,57] and is placed in a spectral region devoid of polysaccharide peaks. No clear 
change of this peak is observed for most of the temperature range. However, at 300 ÛC it does appear to 
have diminished. The band at 1732 cm-1 is attributed to the carbonyl stretching band of carboxylic acid 
groups in hemicelluloses [56,57]. It starts to decrease from 250 ÛC, signifying a reduction in the amount 
of the carboxylic acid groups of hemicelluloses. This reduction is paralleled by the appearance of a new 
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degradation product band at 1700 cm-1. When torrefaction temperature reaches 300 ÛC, the 1732 cm-1 
band is completely eliminated, which suggests the complete removal of hemicelluloses. The narrow 
CH2- stretching bands (superimposed a broader band) at approximately 2850 and 2920 cm-1 are 
ascribed to the aliphatic fractions of wax [57]. These bands for the C-H stretching can clearly be seen 
in spectra of extracted wax using hexane by work of Stelte, et al. [58]. These bands appear not to 
change significantly due to the heat treatment of torrefaction although a small decrease of these bands 
is suggested for the highest temperatures. It is possible that the higher molecular weight waxes may 
still be present in the samples torrefied at 300 ÛC, although further work needs to be done to confirm 
this.  

Figure 7: ATR-FTIR spectra of oven dried and torrefied wheat straw samples. All spectra are separated for an easy 
comparison (paper I).  
By analyzing the FTIR spectra of the torrefied wheat straw samples, it can be concluded that 
there is no major structural change of the wheat straw samples torrefied below 200 ÛC. Increasing the 
temperature from 200 ÛC to 250 ÛC introduces distinct changes in the spectrum. These appear not to 
involve lignin or cellulose to any major extent, as the two characteristic bands of these components at 
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1505 and 670 cm-1 do not change. Thus degradation and depolymerization of hemicelluloses is 
proposed to account for the initial low temperature torrefication effects. A higher temperature effect is 
most notable for the 270 ÛC to 300 ÛC transition and consists of the degradation of lignin and cellulose.  
Heating value and weight loss 
As shown in Figure 8, higher torrefaction temperature resulted in higher anhydrous weight loss 
(AWL) and higher heating value (HHV). On dry and ash free basis, HHV of pellets and wood chips 
were very close, it increased from about 20 MJ kg-1 for oven dried samples to 29 - 30 MJ kg-1 for 
samples torrefied at 300 ÛC, where the AWL was about 50%. The HHV of wheat straw was always 
about 0.8 MJ kg-1 lower than the value of pellets and wood chips at the same AWL. This is in 
agreement with the experimental results from Prins et al. [59], where straw had the lowest heating 
value compared to willow, larch and beech, both untreated and at a torrefaction temperature of 250 ÛC. 
Energy yield was defined as the ratio between total energy retained in the torrefied samples and in the 
oven dried samples (for detailed equations refer to paper II). It is interesting to see that the energy yield 
of torrefied samples as a function of the mass loss was very close for the tested biomass species. It 
means that the same AWL corresponds to a similar fraction of energy loss in the samples during 
torrefaction for the tested biomass. It can also be observed that it is not a linear relationship between 
AWL and HHV/energy yield. There is more energy and mass loss at torrefaction temperatures ranging 
from 250 to 300 ÛC compared to from 200 to 250 ÛC. It is because hemicelluloses start the 
decomposition at 200 – 250 ÛC and last until 300 ÛC, while cellulose and lignin start the degradation at 
270 – 300 ÛC. So in order to preserve energy in the torrefied material, lower torrefaction temperature 
and shorter residence time are preferred. If energy condensed material is desired, it is better to have 
more severe torrefaction conditions.  
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
Figure 8: Higher heating value (HHV) for wheat straw (Ɣ), Scots pine pellets (Ŷ) pine chips (Ÿ), and energy yield 
for wheat straw (+), Scots pine pellets (-), pine chips (×) vs. anhydrous weight loss (AWL, 0% AWL represents oven 
dried samples, torrefaction was carried out from 200 to 300 ÝC with every 20 ÝC interval) (paper II). 
Grindability 
Equivalent Hardgrove Grindability Index (HGIequiv) 
For all 3 biomass samples, especially for pine chips and wheat straw, higher torrefaction 
temperatures result in better grindability. In order to achieve similar grindability as coal in wet 
conditions, a torrefaction temperature of about 240 ÛC is needed for wheat straw and pine chips, while 
for Scots pine pellets 290 ÛC is required. Below 220 ÛC the grindability of the pellets is almost the same 
as for pine chips. However, the increase in grindability for pellets is significantly lower than for the 
other two biomass species and seems not be improved a lot by increasing the torrefaction temperature 
further. Generally, there’s no obvious improvement of grindability for all 3 biomass when torrefaction 
was conducted below 220 ÛC. The influence of torrefaction residence time on grindability of wheat 
straw was investigated in paper I, and concluded that there’s no obvious improvement of HGI after 2 h 
torrefaction at 250 ÛC. 
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Based on the HGI results, the grindability of pine chips is almost as good as wheat straw at low 
torrefaction temperatures. However, if one takes a look at the particle size distribution results in Figure 
10, wheat straw samples have a much higher percentage of fines in the range of 75 to 250 μm 
compared to pine chips. Therefore particle size distribution measurement is a necessary complement to 
the HGI test. 

Figure 9: Results of Hardgrove grindability test for oven dried biomass (104 ÝC) and biomass torrefied at different 
temperatures for 2 h (HGI tests were repeated for wheat straw torrefied at 300 ÝC), coal in wet and dry conditions 
were also tested in the Hardgrove grinder as a reference (paper II). 

Figure 10: Particle size distribution analysis after HGI test (For wheat straw, particle size distribution wasn't tested 
on samples torrefied at 240 ÝC, so the results of samples torrefied at 230 ÝC are shown here instead) (paper II). 
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Tensile strength 
 Tensile strength was measured on oven dried wheat straw and straw torrefied at 150, 200, 250 
and 300 ÛC for 2 h. As shown in Figure 11, tensile failure stress decreased from about 55 MPa for oven 
dried straw and straw torrefied at 150 ÛC to about 24 MPa for straw torrefied at 200ÛC, and further to 
about 4 MPa for straw torrefied at 300 ÛC. By comparing the mean strain energy, it was concluded that 
wheat straw torrefied at 250 ÛC only required 1/5 to 1/7 of the energy required to pull oven dried wheat 
straw apart. Tensile strength results showed close relation to the HGI results. However, it was not 
proved to be more reproducible and repeatable than the HGI test.  
Table 3  lists detailed information of tensile tests found in the literature for wheat straw. The 
data differ a lot mainly due to the different ways of counting the cross-section area (loading rate and 
moisture content of the specimen, and how the specimen was prepared also influence the results). 
Burmistrova [60] calculated stalk cross-section area based on the absolute dry weight of the wheat 
sample, the length of sample and the density of cellulose (1.55 g cm-3). This physical cross-section area 
is smaller than the geometrical wall area by a factor of 5-10. Therefore the tensile strength is 
correspondingly larger than the results of the other quoted authors. Comparing the results obtained 
from oven dried wheat straw in this thesis and the data listed, it is found that the tensile strength is 
likely underestimated in most of the literature where the whole stalk was used for the test. Because the 
whole stalk does not break equally at the same time. In most cases, the weakest part break first while 
the other parts still hold together and only breaks when the force increases. Therefore, the cross-section 
area of the whole stalk is bigger than the actual area where the break happens, leading to 
underestimated tensile strength. 
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Figure 11: Tensile strength (left) and strain energy (right) of wheat straw samples treated at different temperatures 
from both direct caliper measurement and indirect apparent density calculation (to determine the cross-section 
area at break) (paper I). 
Table 3: A list of experimental results of tensile test from literature. 
Author Specimen 
Moisture 
content and 
loading 
Tensile 
stress 
(MPa) 
Cross-sectional area 
O’Dogherty 
[61] 
Wheat straw 10-14% (w.b.) 9-32 Not indicated. 
Limpiti 
[62] 
Wheat straw 
(3rd internode) 
10-65% (w.b.) 32-38 Outside and inside diameter 
measured by a moving microscope. 
Burmistrova 
[60] 
Wheat 
varieties 
 128-399 Stem wall areas excluding the 
intercellular areas 
O’Dogherty 
[38] 
Wheat straw 
(internode) 
8-22% (w.b.), 
10 mm min-1 
21.2-31.2 Wall area of the specimen at the 
failure cross-sections 
Wright 
[37] 
Wheat/barley 
straw (2nd 
internode) 
5 mm min-1  Cross sectional area and min/max 
diameter were optically measured 
from a stereo-zoom microscope and 
analysis tools from Image Pro Plus 
software. 
Kronbergs 
[63] 
Wheat stalk Not indicated 118.7±8.63 Measured by microscope, and 
assuming cross section as an 
elliptic ring. 
This thesis Wheat straw 
(2nd internode, 
part of the 
stem) 
About 3-5%, 
due to the 
storage.  
250 N, 1 mm 
min-1 
28-46 
(oven 
dried) 
Calculated from Bulk density 
256-422 
(oven 
dried) 
Calculated from true density by 
volume difference after immersing 
whole straw in the water. 
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Grinding energy 
The energy use for grinding pine chips and Scots pine pellets in a bench scale disc mill (Figure 
12) showed a sharp decrease up to approximately 25% and 10% AWL, respectively. Therefore, these 
two AWLs can be suggested as the optimal torrefaction conditions. Comparing with the results in paper 
IV, in which the energy consumption of pellets was measured at different setting, it can be concluded 
that grinding at the finest setting requires ten times as much energy as at the coarsest setting. An 
exponential decrease of grinding energy with AWL was observed for both conditions. 
Contrary to the HGI results, pine chips consumed more grinding energy than pellets, except for 
the highest AWL (about 50%) where energy use in grinding for these two fuels tends to be close. It 
means below torrefaction temperature of 220 ÛC the bonding forces in the small particles (0.6-1.18 mm) 
are similar for pine chips and pellets, but the bonding in the whole pellets is ‘weaker’ than in the pine 
chips. For torrefaction temperatures up to 300 ÛC, the HGI results showed that bonding in the small 
particles outlast torrefaction quite well, but not the bonding in the whole pellets as shown in Figure 12.  

Figure 12: The energy required for grinding Scots pine pellets (torrefied at 230, 250, and 270 ÝC for ca. 1 h) and 
pine chips (torrefied at 200, 250, 275, and 300 ÝC for ca. 2 h) vs. anhydrous weight loss (0% AWL represents 
original pellets and oven dried pine chips).The grinding energy of a reference coal sample (RUKUZN, in size 
range of 2-7.1 mm, oven dried at 104 ÝC overnight) was determined with the same procedure, and it was 25 J g-
1(paper II). 
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Particle size distribution analysis was also done for the samples after the grinding energy 
measurement in paper II. Consistent with the HGI results, torrefied pine chips ended up with much 
higher fraction of fines (<75 μm) than pellets after grinding and the higher the torrefaction temperature, 
the higher the percentage of fines. However, increasing torrefaction temperature from 230 to 270 ÛC 
does not seem to improve the particle size distribution of pellets significantly, which is in agreement 
with the energy consumption results.  
Hygroscopicity 
When the relative humidity was increased, equilibrium moisture contents (EMCs) of all 3 
samples (pine chips, Scots pine pellets, wheat straw) increased correspondingly. Samples pre-treated at 
higher torrefaction temperatures absorbed less moisture, although this trend was disturbed for wheat 
straw torrefied at the highest temperature due to the experimental error. EMCs of torrefied samples can 
be reduced by about 5-10%, 7-12% and 13-20% under 75.5%, 85% and 92.5% relative humidity, 
respectively. All three biomass samples exhibited similar EMCs under a relative humidity of 75.5%. 
However, when the relative humidity was higher than 75.5% wheat straw samples absorbed most 
moisture; while pellets and pine chips seemed to have similar EMCs in most cases. 

Figure 13: Equilibrium moisture content (EMC, on dry basis) for 3 kinds of biomass torrerfied at different 
temperatures (104 ÝC means oven dried samples) under 3 relative humidities (paper II). 
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Pellet property 
Figure 14 shows the picture of pellets obtained from two different processes by switching the 
sequence of pelletization and torrefaction. No pellets could be made from spruce torrefied at 300 ÛC, 
and even at 275 ÛC the pellets exhibit many defects. It can also be observed that the pellet length 
increased with an increasing torrefaction temperature. This attributes to a spring-back effect and is a 
sign of poor adhesion between particles. It was suggested in paper III that the reduced hydrogen 
bonding sites due to the thermal degradation of hemicelluloses and lignin during torrefaction, together 
with the increased glass transition temperature of hemicelluloses and lignin caused by lower moisture 
content of the torrefied wood are the main reason of decreased pellet strength. On the other hand, Scots 
pine pellets torrefied at different temperatures exhibit good durability, no spring back effect or 
disintegration was observed. It means the bonds formed during pelletization outlast the torrefaction 
quite well.  

Figure 14: Images of pellets made from torrefied spruce with residence time of ca. 2 h (paper III) and Scots pine 
pellets that torrefied subsequent to pelletization  for about 1 h (paper IV). 
Figure 15 shows that both the grinding energy and the compression strength of single pellets 
have the similar trend of energy decreasing when the mass loss during torrefaction increases. The 
particle size distribution analysis after grinding indicates that an obvious increase (8% compared to 
reference sample) of small particles (1 mm) occurred already at torrefaction temperature of 230 ÛC, 
further increase of temperature (from 230 to 270 ÛC) resulted only in slight increase of small particles 
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(+5%), but steep decrease of big particle (-10%). Figure 16 illustrates that an exponential function fits 
the correlation between the durability and the compression strength well. This indicates that if the 
compression energy is known, a reasonable estimate for the durability can be made and vice versa. It 
must also be noted that the analysis was based on pellets with diameter of 6 mm only, which means the 
diameter parameter has not been taken into account.  

Figure 15: The specific energy required for grinding Scots pine pellets (E, J g-1) and the compression strength of 
single 15-mm-long Scots pine pellet (J g-1) vs. total weight loss (TWL is the total mass loss during drying and 
torrefaction) of pellet samples after torrefaction (paper IV). 

Figure 16: Plot of compression strength of single 15-mm-long Scots pine pellet (J pellet -1) vs. durability. The fit of 
an exponential function is illustrated (paper IV). 
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In order to produce pellets (Ø 6 mm) with durability higher than 97.5% as required by ENPlus, 
compression strength of 0.6 J pellet-1 (with length of 15 mm) is needed, and the grinding energy (at 
coarsest setting) of ca. 15.3 J g-1 is expected.  At this condition, energy reduction in grinding compared 
with untreated pellets is 43% (11.6 J g-1), and the energy loss due to the torrefaction is about 4% (730 J 
g-1 based on original mass). However, the HHV is increased by about 1600 J g-1 from 18.4 MJ kg-1 for 
reference pellets to 20.00 MJ kg-1, which corresponds to a torrefaction temperature of a bit lower than 
230 ÛC with residence time of 1 h.  
Kinetic study 
Kinetic model 
The two-step first order reaction in series model, as shown in scheme (8), was chosen for 
studying the wheat straw torrefaction. As opposed to the high heating rate of 40-70 K s-1 adopted by Di 
Blasi and Lanzetta [22], slow heating rate (< 100 K min-1) was used to avoid intra-particle temperature 
gradients. Therefore weight loss during heating stage needs to be taken into account when deriving the 
kinetic parameters from the isothermal stage. Prins et al. [21] first used this model, Eq. (8)-(11), for 
studying torrefaction of willow. But the degradation during the heating period was neglected, that is at t 
= 0, [A] = [A], [B] = [C] = 0. 
                                                                                                          (8) 
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Integration of Eqs.(9) - (11) with above mentioned initial conditions, and making 11 vB kkK  , 
22 vC kkK   gives (for details refer to Appendix-1): 
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Where the biomass is denoted ‘A’, and ‘B’ is the intermediate compound, which is a solid with a 
reduced degree of polymerization. ‘V1’ and ‘V2’ are volatiles; ‘C’ is the solid residue. t is time in s. k 
is the rate constant for each step, expressed as s-1. M and M0 are the solid residual and the initial sample 
mass on ash free basis, respectively. Experimentally M/M0 can be determined by TGA, where m0 is the 
initial sample mass, mash is mass of ash in the sample, and mTGA is the mass measured by TGA as 
function of time. 
A schematic drawing of the algorithm taking into account the chemical composition change at 
the onset of the isothermal period is shown in Figure 17. In the first iteration it was assumed that the 
entire solid is A, without B and C. With this initial assumption and a starting guess of kB, kV1, kC, kV2, 
which were based on values found from [21], nonlinear optimization using the MATLAB command 
‘lsqcurvefit’ was made with the default tolerance settings. The ‘lsqcurvefit’ is based on the Niedler-
Mead optimization algorithm and used to minimize the root mean square of between the calculated and 
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experimental data. Following this, at each temperature the four pre-exponential factors (A) and 
activation energies (Ea) were calculated by means of Arrhenius plot. With these calculated values the 
initial concentration of the isothermal period for A, B, and C can be obtained, and then used as input 
for the optimization. The calculations were done by numerical solution of the three coupled first order 
differential equations, as shown in Eqs. (9) - (11). To account for the heating rate, the chain rule was 
used to transform the equations into the temperature dependent form shown in Eqs. (17) - (19). From 
the second iteration and onwards the calculated A and Ea were used to provide the starting guess for the 
Niedler-Mead optimization. The procedure was repeated until stable values for the A and Ea were 
reached.  
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Where ȕ is the heating rate 
dt
dT , in K s-1, and T is temperature in K.  
By using a two-step reaction model and taking the degradation of sample during heating period into 
account, it allows to derive the kinetic parameters suitable for predicting the solid mass loss over the 
entire reaction period, especially at the initial stage of the reaction. This is very useful for the real 
production, where low heating rates are mostly applied. In practice, once the kinetic parameters have 
been obtained from the TGA test, the mass yield in the real torrefaction facility can be predicted by 
simply knowing the temperature history of the sample. However, for a biomass feedstock that has heat 
transfer limitation, e.g. in forms of logs or big chips etc., or biomass with different compositions that 
may generate heat during torrefaction, a heat transfer model may be coupled to the temperature 
function in the existing kinetic model for the mass yield calculations. 
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
Figure 17: Diagram of algorithm used in MATLAB for calculating kinetic parameters of wheat straw torrefaction. 
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Model verification 
The kinetic parameters of wheat straw obtained by best fitting the experimental data of 250, 260, 
275 ÛC (at heating rate of 10 K min-1) and 250, 260, 275, 280 (at heating rate of 50 K min-1) are as 
follows: 
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Where k is the reaction rate constant in unit of s-1, T is the temperature in K, and R is the universal gas 
constant in J mol-1 K-1.  In agreement with literature, the first step is much faster than the second step. 
Solid yields for two reaction steps decreased from 85% and 66% at 250 ÛC to 61% and 46% at 300 ÛC 
respectively.  
In order to verify the model, experimental data were compared with model results for both non-
isothermal part (heating period from 200 ÛC to final torrefaction at both heating rates) and isothermal 
part. Due to the similarity and more relevance of low heating rates to real production, only results from 
10 ÛC min-1 are shown in Figure 18. Instead, a three-step torrefaction was run from 200 ÛC to 250 ÛC (at 
50 K min-1) and held at 250 ÛC for 1 min, then heated to 260 ÛC (at 10 K min-1) and held for 1 min, in 
the end heated up 270 ÛC (at 10 K min-1) and held for 1 h. The difficulty of distinguishing each step is 
due to the temperature overshooting problem in the TGA. The higher the set temperature (and/or the 
faster the heating rates) the larger the overshoot occurs. It can be seen the model described the reaction 
accurately. The model was also tested on torrefaction of wheat straw conducted in a batch reactor. The 
temperature recorded in the center of the reactor was used as the input for the model to calculate the 
residual mass, assuming heat transfer from the wheat straw surface to the center is much faster than the 
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heating rate of the oven (6 ÛC min-1). Model and experimental results are shown in Figure 19. There is a 
good correlation between model results and experimental data.  

Figure 18: Experimental and modeled relative weight (on ash free basis) of wheat straw vs. time for (a) at heating 
rate of 10 K min-1.  (b) three-step heating at various rates. Starting weight is defined at 200 ÝC; heating period from 
200 ÝC to desired torrefaction temperature is included in the plot (paper V). 

Figure 19: Correlation between experimental residual mass obtained from torrefaction of wheat straw in a batch 
reactor and calculated results from the model. Both results are on dry and ash free basis (paper V). 
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Gas evolution with MS analysis 
 Gas products during torrefaction of wheat straw, at 250 and 300 ÛC, were detected based on 
selected ions were water (18), carbon monoxide (28), formic acid (46, 45), formaldehyde (30, 29), 
methanol (31, 32), acetic acid (43, 45, 60), carbon dioxide (44), methyl chloride (50, 52). Traces of 
hydrogen sulfide (34) and carbonyl sulfide (60, 48) were also found. In addition, relatively large 
quantities of simple aliphatic hydrocarbons were apparently present, CxHy and CxH2x (15, 27, 39, 41). 
A trace of acetone (58) was only found at torrefaction of 300 ÛC. Although signal of lactic acid (45) 
was detected, it was not considered since other compounds also give intensity of m/z 45, i.e. formic 
acid, acetic acid, and alcohols. Figure 20 shows the relative quantity of each gas released from 
torrefaction temperature of 250 and 300 ÛC for residence time of 1 h. The amount of most gas products 
from 250 ÛC was about 30% of that at 300 ÛC, except for formic acid (46). It means formic acid is 
preferentially released at lower temperature compared to other gases. The relative amount of water 
released during wheat straw torrefaction was also quantified in paper V based on the MS intensity. 
Agreed with literature [59], water is a main product of torrefaction, and its amount increases with 
torrefaction temperature. At 300 ÛC, evolution of water accounts for almost half of the overall mass loss.  

Figure 20: Ratio of each gas product released from wheat straw at 250 and 300 ÝC by calculating the relative 
intensity (R.I.) integral over the period from 200 ÝC till the end of torrefaction. (Paper V) 
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 The cumulative releases of gas products from three biomass species at 300 ÛC for 1 h were 
compared in paper II. The evolution of gas started almost simultaneously when temperature reached 
200 ÛC. Generally, Scots pine pellets released least gas; wheat straw released more acetic acid, formic 
acid, carbonyl sulfide, acetone and CO2 than wood chips; pine chips produced more water, 
formaldehyde, and methanol than wheat straw and wood pellets. In both studies, it was concluded that 
water is the dominant product during torrefaction.  
TORREFACTIONREACTORS

  47
Chapter 4 
Torrefaction reactors 

An overview of torrefaction initiatives is given in Table 4, based on the review paper made by 
Kleinschmidt C.P. [64]. Basically, these reactors can be divided into following categories:  conveyor 
reactor, moving bed reactor, rotary drum reactor, Turbo-dryer®, Torbed®, microwave reactor. Most of 
the technologies use direct heating between gas and solid phase. Conveyor reactor can be further 
divided into screw conveyor (including the paddle conveyor) and belt conveyor, an example is shown 
in Figure 21. Both Thermya and ECN use moving bed reactor. The one Thermya developed is called 
TORSPYD technology (as shown in Figure 22), which feed the biomass from the top of the reactor and 
introduce the hot gas from the bottom. As the biomass travel downwards, they experience the drying 
zone, volatiles evaporation zone, and torrefaction zone. A model of torrefaction system based on 
moving bed concept was developed by Tumuluru et al. [65], and a mathematical model specially 
developed for TORSPYD column was published by Ratte et al. [66]. Rotary drum reactor is composed 
by a drum and a rotating shaft. The biomass tumbles while the drum rotates, and thus achieves a good 
heat and mass transfer. Turbo-dryer® (as shown in Figure 23) developed by Wyssmont is a 
sophisticated dryer typically for chemicals, food, pharmaceuticals, etc. It consists of a stack of slowly 
rotating circular trays. Material, which is fed onto the top tray, is wiped onto the next lower tray after 
each revolution. The trays are contained in an enclosure in which heated air or gas is circulated by 
internal fans. Different from all the above mentioned reactors, Torbed® (as shown in Figure 24) used by 
TOPELL is a much faster process with residence time of about 100 s. The particles to be processed are 
held in a shallow bed suspended by jets of the process gas stream that is forced through stationary 
angled blades at high velocity. As for microwave reactor, limited knowledge of scaling-up is attained 
so far. 
Regarding the kinetic study discussed in chapter 3, in order to model the mass loss of the 
biomass feedstock it is important to ensure that there is good heat distribution through the reactor, 
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otherwise temperature measurement at different places including the cooling area in the reactor will be 
necessary. For technology like TORBED®, which is an extremely fast process for feedstock in a 
uniform and small size, it will be very relevant to use the developed kinetic model to predict the mass 
loss of solids during torrefaction. Since our model took the mass loss during heating period into 
account when deriving the kinetic parameters, and thus the model can predict the mass loss in the initial 
stage of reaction very well. This is a big advantage of our model. 
Table 4: Overview of torrefaction developers in Europe, North America, and Brazil [64]. 
Developer Technology Supplier Location(s) Production 
Capacity 
(t/a) 
Starting 
Topell Energy 
B.V. (NL) 
Torbed, direct 
heating 
Torftech Inc. 
(UK) 
Duiven (NL) 60000 Q4 2010 
Stramproy Green 
Investment B.V. 
(NL) 
Vibrating belt, 
direct heating 
Stramproy Green 
Technology (NL) 
Steenwijk 
(NL) 
45000 Q3 2011 
Thermya (F), 
Idema (Lantec) 
Moving bed, direct 
heating 
Thermya 
(Torspyd) 
San 
Sebastian, 
(ES) 
20000 Q4 2011 
Thermya (F), 
LMK Energy 
Moving bed, direct 
heating 
Thermya 
(Torspyd) 
Mazingarbe 
(F) 
20000 Q3 2011 
Bio Energy 
Development 
North AB (S) 
Rotary Drum Metso (FIN) Örnsköldsvik 
(S) 
25000-30000 2011/2012
Andritz (A) Moving bed Andritz (A) Sdr.Stenderup 
(DK) 
1 t/h demo 
plant 
Q1 2012 
Zilkha Biomass 
Energy (USA) 
Unknown Unknown Crockett 
(Texas,USA) 
40000 Q4 2010 
Keyflame (USA) Paddle conveyer Keyflame prop. Quitman, 
Mississippi 
65000+ 
(2x350,000t 
end 2012) 
Q4 2011 
New Biomass 
Energy (USA) 
Unknown Unknown Quitman, 
Mississippi 
65000 Q4 2011 
4Energy Invest 
(B) 
Vibrating belt, 
direct heating 
Stramproy Green 
Technology (NL) 
Amel (B) 38000 Q4 2010 
Torr-Coal B.V. 
(NL) 
Rotary Drum 
(indirectly heated) 
with dechlorination 
step 
TorrCoal 
Technology 
Dilsen-
Stokkem (B) 
35000 Q3 2010 
ECN (NL), 
Vattenfall(S) 
Moving bed ECN Unknown Unknown Unknown 
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Foxcoal B.V. 
(NL) 
Screw conveyor 
(indirectly heated) 
Unknown Winschoten 
(NL) 
35000 2010 
Biolake B.V. 
(NL) 
Screw conveyor Unknown Eastern 
Europe 
5000-10000 Q4 2010 
EBES AG (A) Rotary Drum Andritz (A) Frohnleiten 
(A) 
10000 2011 
Atmosclear SA 
(CH) 
Rotary Drum CDS (UK) Latvia, New 
Zealand, US 
50000 Q4 2010 
Rotawave 
Biocoal, Ltd. 
(UK) 
Micro wave reactor 
(TIES) 
Group's Vikoma Terrace, 
British 
Columbia  
110000 Q4 2011 
Ingelia (ES) Hydrothermal 
carbonization 
Ingelia (ES) Valencia (ES) 2000 2010 
Andritz ACB 
process (A) 
Rotary drum Andritz (A) Austria 50000  
Integro Earth 
Fuels LLC (USA) 
TurboDryer Wyssmont (USA) Roxboro, 
Gramling, 
NC, Eastman, 
GA 
10000 -> 
75000 
Q1 2012 
Agri-Tech 
Producers LLC 
(USA) 
Belt reactor  Kusters Zima 
Corporation 
Unknown Unknown 2010 
Torrefaction 
systems, Inc. 
(USA) 
Unknown Bepex 
International 
(USA) 
Minneapolis 10000 2013 
New Earth 
Renewable 
Energy Fuels, 
Inc. (USA) 
Fixed bed/Pyrovac Pyrovac Group 
(CA) 
Unknown Unknown Unknown 
WPAC (CA) KDS processor Unknown Unknown 35000 2011 
Radian 
BioEnergy (USA) 
Gasification reactor Radian 
BioEnergy 
Unknown 
 
60000 Unknown 
Canadian Bio-
coal Ltd. (CA) 
TurboDryer Wyssmont (USA) British 
Columbia 
180000 Q2 2012 
Renewable Fuel 
Technologies 
(CA) 
Mobil torrefaction 
unit 
Unknown 
 
Unknown 
 
2.7 kg/h 2010 
Earth Care 
Products (USA) 
Rotary Drum Unknown Unknown Unknown Unknown 
ERB Brazil Unknown Unknown Unknown 2 units, 1 mill. 
t/a 
(Eucalyptus) 
2012 
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
Figure 21: BTG torrefaction process using indirect heating and screw conveyor reactor, a demo-unit was built for a 
client (100-150 kg/hr input) [67]. 

Figure 22: TORSPYD TM column [66]. 
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
Figure 23: Standard TURBO-DRYER® from Wyssmont [68]. 

Figure 24: TORBED®Compact Bed Reactor [69]. 
The torrefaciton reactor built in DTU-Risø campus (as shown in Figure 25 and Figure 26) is a 
screw conveyor reactor with a feeding capacity of about 6 kg h-1. The reactor is indirectly heated by 
liquefied petroleum gas. A nitrogen flow of 2.5 L min-1 was used as a carrier gas in the torrefaction and 
collecting unit through the experiment to avoid ignition. The temperature of flue gas is controlled by 
adjusting the gas and air volume, and the temperature of reaction was monitored by totally 12 
thermocouples located in different places through the reactor. The residence time was controlled by 
adjusting the rotating speed of the screw conveyor. The aim of building this reactor was to produce 
torrefied biomass for testing in big-scale grinder and boiler. Therefore, the heat integration has not been 
considered so far. By now, 7 barrels wood chips have been torrefied at 3 different temperatures (250, 
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270, 280 ÛC). To ensure that treated chips reach the desired degree of torrefaction, the heating value of 
torrefied chips was compared with the products from lab-scale reactor at different temperatures. It was 
assured that the variation is within ± 5 ÛC. 

Figure 25: Illustration of the screw conveyor torrefaction reactor and feeding system built in DTU Risø campus. 

Figure 26: Picture of the torrefaction unit in DTU Risø campus.
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Chapter 5 
Concluding remarks 

 This thesis mainly consists of 3 parts of work: characterization of three different kinds of 
biomass subject to torrefaction; pellets quality when combining torrefaction and pelletization;  and 
kinetic study of torrefaction. The goal was first to find the optimal operation condition of torrefaction 
(temperature and time) by analyzing the property changes of different biomass (pine chips, Scots pine 
pellets and wheat straw) on a lab-scale reactor, and gather the heating value and weight loss data at 
different temperatures. Then investigate the intrinsic kinetics of torrefaction on TGA and obtain a 
model that can predict the mass loss at different heating rates. In this way, we hope this thesis can be 
helpful for the real torrefaction production as a tool for product quality control. As for pellet quality 
study, it is the next step for torrefaction to be commercialized. Without pelletization, torrefied biomass 
is limited to on-site usage. However, the pellet study presented in this thesis is only a very preliminary 
test to compare the different procedures when combining torrefaction and pelletization.  
 Biomass became darker with increasing torrefaction temperature, and the biomass has lost its 
shiny surface and smoothness, especially for pellets torrefied at temperatures above 260 ÛC and chips 
torrefied at 300 ÛC. Wheat straw torrefied at 280 ÛC and above became extremely brittle. For all three 
biomass, higher torrefaction temperatures result in less moisture absorption and better grindability. 
Tensile failure stress decreased from about 55 MPa for oven dried straw and straw torrefied at 150 ÛC 
to 24 MPa for straw torrefied at 200 ÛC, and further to about 4 MPa for straw torrefied at 300 ÛC. 
Though tensile strength test was not proved to be more reproducible and repeatable than the Hardgrove 
Grindability Index (HGI) test, strain energy suggested that about 80 – 85% of the energy can be saved 
when breaking torrefied wheat straw (250 ÛC, 2 h) instead of oven dried samples.  As for pine chips and 
pellets, grinding energy measured on a disc mill showed a sharp decrease for the first 25% and 10% 
AWL, respectively. Based on HGI, in order to achieve similar grindability as coal, a torrefaction 
temperature of above 240 ÛC is needed for wheat straw and chips, and 290 ÛC for pellets. However by 
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comparing the HGI results with other tests, it can be concluded that HGI test is able to predict the 
relative amount of fines (< 75 μm) generated from different biomass when ground under the same 
circumstances. But it is not suitable for biomass like pellets, which does not have a uniform structure in 
different scale. Since pellets are made by compressing pre-ground wood particles together. It was 
shown that less energy was needed to grind torrefied pellets compared to chips, but more energy would 
be required to reduce the particle size further for pellets than for chips. Moreover, particle size 
distribution is a necessary complement to the HGI test.  
When studying the pellet property by switching the sequence of pelletization and torrefaction, it 
was concluded that pine pellets torrefied at different temperatures exhibit better durability than the 
pellets made from torrefied spruce. It means the bonds formed during pelletization outlast the 
torrefaction quite well. A good correlation among pellet durability, the compression strength, and the 
energy required for grinding was observed, which means that compression strength of single pellet can 
be used as a product quality control method to predict the durability of the whole batch pellets and the 
energy use in grinding and vice versa. In order to produce pellets (with diameter of 6 mm) with 
durability higher than 97.5 % as required by ENPlus, compression strength of 0.6 joule per pellet with 
length of 15 mm (or 1.53 joule per gram pellet with length of 15 mm) is needed, and grinding energy of 
about 15.3 J g-1 is expected. At this condition, energy reduction in grinding compared with untreated 
pellets is 43 % (11.6 J g-1), and the energy loss due to the torrefaction of pellets is about 4 % (730 J g-1 
based on original mass). However, the higher heating value (HHV) is increased by about 1600 J g-
1from 18.4 MJ kg-1 for reference pellets to 20.0 MJ kg-1, which corresponds to a torrefaction 
temperature of a bit lower than 230 ÛC with residence time of 1 h.  
By analyzing the FTIR spectra of the torrefied wheat straw, it was concluded that there’s no 
major structural change when torrefaction temperature is lower than 200 ÛC, hemicelluloses degrade at 
about 250 ÛC while cellulose and lignin degrade at 270 – 300 ÛC. Cell wall composition analysis 
showed that for all three biomass species, hemicelluloses were totally degraded when torrefied at 300 
ÛC for 2 h, and cellulose was also strongly degraded. Gas products detected during torrefaction for three 
biomass species were water, CO, CO2, formic acid, formaldehyde, methanol, acetic acid, traces of 
hydrogen sulfide and carbonyl sulfide were also found. Moreover, methyl chloride was detected in 
wheat straw torrefaction. This means torrefaction may reduce the chlorine content in the biomass, 
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which is a benefit for the later combustion, due to the fouling and slagging problem caused by high 
chlorine and alkali content in biomass. Water was found to be the dominant gas product during 
torrefaction. At 300 ÛC, evolution of water accounts for almost half of the overall mass loss.  
On a dry and ash free basis, higher heating value (HHV) of chips and pellets increased from 
about 20 MJ kg-1 to 29 – 30 MJ kg-1 when torrefied at 300 ÛC. While HHV of wheat straw was always 
about 0.8 MJ kg-1 lower than the value of other two fuels at the same anhydrous weight loss (AWL). 
However, the fraction of energy retained in the torrefied sample as a function of AWL is very similar 
for all three biomass. Together with the kinetic model developed in this thesis, which is able to predict 
the mass loss of solids during torrefaction at different heating rates by simply knowing the temperature 
history of the sample in the reactor, it is possible to know the HHV of the products in advance by just 
measuring the HHV of the raw material of the feedstock.  This method can thus be used for reactor or 
process design and may supply a solution to the inhomogeneity problem of torrefied products 
encountered by most torrefaction facilities.  
Moreover, medium torrefaction temperatures (240-280 ÛC) and residence time of about 0.5-1 h 
is recommended for the real production. Because the grindability is improved most and sufficiently at 
such conditions, more severe torrefaction will lead to more energy loss of the biomass but slight 
improvement of the grindability. Another reason is that high torrefaction temperatures (f.x. > 275 ÛC) 
make the pelletization challenging.  The methods established in this project for characterizing the fuel 
properties of torrefied biomass can also be used for quality control of torrefied products from industry.  
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Appendix 

Appendix-1: Derivation of the two-step reaction series model with proposed initial 
condition 
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Appendix-2: MATLAB code for finding the kinetic parameters 
function dzdT = kinetic(T,z); 
global A1 A2 A3 A4 E1 E2 E3 E4 HR_input T_start 
HR = HR_input/60;    
x1=A1*exp(-E1/(8.3145*(T+T_start+273.15))); 
x2=A2*exp(-E2/(8.3145*(T+T_start+273.15))); 
x3=A3*exp(-E3/(8.3145*(T+T_start+273.15))); 
x4=A4*exp(-E4/(8.3145*(T+T_start+273.15))); 
dzdT(1,1)=(-1/HR)*(x1+x2)*z(1);  
dzdT(2,1)=(1/HR)*(x1*z(1)-(x3+x4)*z(2));  
dzdT(3,1)=(1/HR)*x3*z(2);  
 
clearall 
closeall 
clc 
global A1 A2 A3 A4 E1 E2 E3 E4 HR_input T_end T_start 
%% input 
T_start = 200;     
HR_vector = [10 10 10 50 50 50 50]; 
temperatures = [250 260 275 250 260 275 280]; 
n_samples = [192 194 197 183 184 188 184]; 
R = 8.3145;     
% Original data from experiments 250260275(10+50K)280(50K).All data put in as 1 
long vector.x is time in [s].y is residual mass from 0 to 1. 
xdata_all = [0   17  47  77  107 137 167 197 227 257 287 317 347 377 …]; 
ydata_all = [1  0.999309378939252   0.997831766017803   0.995772330744149   …]; 
%%estimation of the kinetic parameters, assuming A0 is 1.  
LB = [0 0 0 0];  
UB = [0.06 0.01 0.001 0.001];   
k1=0.006300;             
k2=0.00270; 
k3=0.000271; 
k4=0.000176; 
initial_guess = [k1 k2 k3 k4];   
for ycounter = 1:50;    
for s = 1:1:length(temperatures); 
clearxxdataydataheat_timeresnormk1k2k3k4 
    T_end = temperatures(1,s);         
    HR_input = HR_vector(1,s);    
    HR = HR_input     
if ycounter == 1 
       A0 = 1;  
       B0 = 0; 
       C0 = 0; 
guess = initial_guess;        
else 
%solve equations with calculated kinetic parameters        
temp = [T_start-T_start:0.1:T_end-T_start]; 
       x0 = [1 0 0]; 
       [T,z] = ode15s(@kinetic,temp,x0); 
% Update initial concentration       
       A0 = z(end,1); 
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B0 = z(end,2); 
       C0 = z(end,3); 
%Update initial guess of k parameters, using the estimated A and E values        
       k1 =A1*exp(-E1/(8.3145*(temperatures(1,s)+273.15))); 
       k2 =A2*exp(-E2/(8.3145*(temperatures(1,s)+273.15))); 
       k3 =A3*exp(-E3/(8.3145*(temperatures(1,s)+273.15))); 
       k4 =A4*exp(-E4/(8.3145*(temperatures(1,s)+273.15))); 
guess = [k1 k2 k3 k4];          
end 
    cell_end = sum(n_samples(1:s)); 
    cell_start=cell_end-n_samples(1,s)+1;         
xdata = xdata_all(cell_start:cell_end); 
ydata = ydata_all(cell_start:cell_end);     
heat_time = (temperatures(1,s)-T_start)/HR*60; 
xdata_negative =xdata-heat_time;        
[row,col] = find(xdata_negative>=0); 
if col>0 
col1 = xdata(length(xdata)-length(col)-1:length(xdata)); 
else 
col1 = xdata; 
end 
off_set = col1(1,1); 
xdata = col1-off_set;     
ydata = ydata_all(cell_start+n_samples(1,s)-length(xdata):cell_end); 
%solution x(1,2,3,4)=k1,kv1,k2,kv2 
[x, resnorm] = lsqcurvefit(@(x,xdata) ((A0*exp(-
1*(x(1)+x(2))*xdata))+(A0*x(1)/((x(1)+x(2))-(x(3)+x(4)))*(exp(-
1*(x(3)+x(4))*xdata)-exp(-1*(x(1)+x(2))*xdata))+B0*exp(-
1*(x(3)+x(4))*xdata))+(C0+x(3)*(x(1)*A0+(x(1)+x(2))*B0)/((x(1)+x(2))*(x(3)+x(4)))+x
(1)*x(3)*A0*exp(-1*(x(1)+x(2))*xdata)/((x(1)+x(2))*((x(1)+x(2))-(x(3)+x(4))))-
x(1)*x(3)*A0*exp(-1*(x(3)+x(4))*xdata)/((x(3)+x(4))*((x(1)+x(2))-(x(3)+x(4))))-
x(3)*B0*exp(-1*(x(3)+x(4))*xdata)/(x(3)+x(4)))),guess,xdata,ydata,LB,UB);  
x_store(s,:) = x; %display x 
Rsquar(s) = 1-resnorm;  %display R^2 
end%belongs to s loop 
T_kelvin_reciprocal = 1./(temperatures+273.15);     %makes a vector that is one 
divided by the temperatures in Kelvin  
lnK_matrix = log(x_store); 
%% calculate Arrhenius constants and activation energy 
p1 = polyfit(T_kelvin_reciprocal,lnK_matrix(:,1)',1); 
E1 = -R*p1(1); 
A1 = exp(p1(2)); 
p2 = polyfit(T_kelvin_reciprocal,lnK_matrix(:,2)',1); 
E2 = -R*p2(1); 
A2 = exp(p2(2)); 
p3 = polyfit(T_kelvin_reciprocal,lnK_matrix(:,3)',1); 
E3 = -R*p3(1); 
A3 = exp(p3(2)); 
p4 = polyfit(T_kelvin_reciprocal,lnK_matrix(:,4)',1); 
E4 = -R*p4(1); 
A4 = exp(p4(2)); 
ycounter_vector(ycounter) = ycounter; 
E1_vector(ycounter) = E1; 
A1_vector(ycounter) = A1; 
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E2_vector(ycounter) = E2; 
A2_vector(ycounter) = A2; 
E3_vector(ycounter) = E3; 
A3_vector(ycounter) = A3; 
E4_vector(ycounter) = E4; 
A4_vector(ycounter) = A4; 
end%belongs to ycounter 
x_store;   
[E1 E2 E3 E4; A1 A2 A3 A4] 
subplot(2,4,1) 
plot(ycounter_vector,E1_vector) 
xlabel('Iterations') 
ylabel('Ea1') 
subplot(2,4,2) 
plot(ycounter_vector,E2_vector) 
xlabel('Iterations') 
ylabel('Ea2') 
subplot(2,4,3) 
plot(ycounter_vector,E3_vector) 
xlabel('Iterations') 
ylabel('Ea3') 
subplot(2,4,4) 
plot(ycounter_vector,E4_vector) 
xlabel('Iterations') 
ylabel('Ea4') 
subplot(2,4,5) 
plot(ycounter_vector,A1_vector) 
xlabel('Iterations') 
ylabel('A1') 
subplot(2,4,6) 
plot(ycounter_vector,A2_vector) 
xlabel('Iterations') 
ylabel('A2') 
subplot(2,4,7) 
plot(ycounter_vector,A3_vector) 
xlabel('Iterations') 
ylabel('A3') 
subplot(2,4,8) 
plot(ycounter_vector,A4_vector) 
xlabel('Iterations') 
ylabel('A4') 
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Appendix-3: MATLAB code for verifying the model 
function dzdT = kinetic(T,z); 
global HR 
x(1)=34833*exp(-70999/(8.3145*(T+273.15))); 
x(2)=3.9101*10^10*exp(-139460/(8.3145*(T+273.15))); 
x(3)=4339.8*exp(-76566/(8.3145*(T+273.15))); 
x(4)=3.4751*10^7*exp(-118620/(8.3145*(T+273.15))); 
dzdT(1,1)=(-1/HR)*(x(1)+x(2))*z(1);  
dzdT(2,1)=(1/HR)*(x(1)*z(1)-(x(3)+x(4))*z(2));  
dzdT(3,1)=(1/HR)*x(3)*z(2); 
 
function dydt = kinetic_isothermal(t,y); 
global T_end 
x(1)=34833*exp(-70999/(8.3145*(T_end+273.15))); 
x(2)=3.9101*10^10*exp(-139460/(8.3145*(T_end+273.15))); 
x(3)=4339.8*exp(-76566/(8.3145*(T_end+273.15))); 
x(4)=3.4751*10^7*exp(-118620/(8.3145*(T_end+273.15))); 
dydt(1,1)=(-1)*(x(1)+x(2))*y(1);  
dydt(2,1)=(x(1)*y(1)-(x(3)+x(4))*y(2));  
dydt(3,1)=x(3)*y(2);  
 
clearall 
closeall 
clc 
global T_end HR 
%% Input values 275step50K% 
Time_vector = [0 0.19833 0.69833 0.92666 1.19833 1.69833 2.19833 2.69833 3.19833 …]; 
Temp_vector = [199.987 211.265 239.64805 249.591 256.56971 261.47182 261.35094   
259.35001 256.91011 …]; 
T_start = Temp_vector(1,1) 
for a = 1:1:length(Temp_vector)-1 
    HR_vector(a) = (Temp_vector(a+1)-Temp_vector(a))/(Time_vector(a+1)-    
Time_vector(a)) 
    Duration_vector(a) = (Time_vector(a+1)-Time_vector(a))      
end 
IC1 = 1 
IC2 = 0 
IC3 = 0 
Residual_mass = [] 
time_total = [] 
%% Solution to heating period 
for Acount = 1:1:length(HR_vector) 
    HR = HR_vector(Acount)/60     
if HR == 0     
%% solution to isothermal 
y0 = [IC1 IC2 IC3]; 
time_end = Duration_vector(Acount)*60 
timey = [0:time_end]; 
[t,y] = ode15s(@kinetic_isothermal,timey,y0); 
ytotal = [y(:,1) + y(:,2) + y(:,3)]; 
clearIC1IC2IC3 
IC1 = y(end,1) 
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IC2 = y(end,2) 
IC3 = y(end,3) 
Residual_mass = [Residual_mass', ytotal']' 
TF = isempty(time_total) 
if TF == 1 
time_plus = 0 
else 
time_plus = time_total(end) 
end 
time_total = [time_total, (timey/60+time_plus)] 
else 
cleartimeztemp 
z0 = [IC1 IC2 IC3] 
T_end = T_start + Duration_vector(Acount)*HR_vector(Acount); 
temp(1) =  T_start;     
temp(2) = T_end; 
[T,z] = ode15s(@kinetic,temp,z0); 
for time_count = 1:1:length(T) 
timez(time_count) = (T(time_count)-T_start)/(HR*60); 
end 
TF = isempty(time_total) 
if TF == 1 
time_plus = 0 
else 
time_plus = time_total(end) 
end 
time_total = [time_total, timez+time_plus] 
ztotal = [z(:,1) + z(:,2) + z(:,3)]; 
clearIC1IC2IC3 
IC1 = z(end,1) 
IC2 = z(end,2) 
IC3 = z(end,3) 
Residual_mass = [Residual_mass', ztotal']' 
T_start = T_end 
end 
end 
[AX,H1,H2] = plotyy(time_total,Residual_mass,Time_vector,Temp_vector) 
xlabel('Time [min]') 
ylabel(AX(1),'Residual maas [-]') 
ylabel(AX(2),'Temperature [°C]') 
holdon 
%exp data 275Cstep50K% 
xdata_exp_sec = [0  12  42  56  72  102 132 162 192 222 …]; 
ydata_exp = [1  0.998555800278867   0.990452481015536   0.98419841950737    
0.974735840750133   0.956255351261298   0.939947475208408   0.926706081666305   
0.91710006509206    0.909460517310808   …]; 
xdata_exp = xdata_exp_sec/60; 
scatter(xdata_exp,ydata_exp) 
legend('model','exp','temperature')
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a b s t r a c t
The purpose of the study was to investigate the inﬂuence of torrefaction on the grindability
of wheat straw. Straw samples were torreﬁed at temperatures between 200 C and 300 C
and with residence times between 0.5 and 3 h. Spectroscopic information obtained from
ATR-FTIR indicated that below 200 C there was no obvious structural change of the wheat
straw. At 200e250 C hemicelluloses started to decompose and were totally degraded when
torreﬁed at 300 C for 2 h, while cellulose and lignin began to decompose at about
270e300 C. Tensile failure strength and strain energy of oven dried wheat straw and
torreﬁed wheat straw showed a clear reduction with increasing torrefaction temperature.
In addition, Hardgrove Grindability Index (HGI) of wheat straw torreﬁed at different
conditions was determined on a standard Hardgrove grinder. Both results showed an
improvement of grindability in the torrefaction temperature range 250e300 C, which can
be well explained by the ﬁndings from FTIR analysis. At a torrefaction temperature of
260 C and with a residence time of 2 h, wheat straw samples produced similar HGI values
as coal (RUKUZN) with 0% moisture content. Under this condition, the Anhydrous Weight
Loss (AWL%) of the wheat straw sample was 30% on dry and ash free basis (daf), and the
higher heating value of the torreﬁed wheat straw was 24.2 MJ kg1 (daf). The energy loss
compared to the original material was 15% (daf).
ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction
One of the drawbacks of using biomass as a fuel source is the
fact that it is more tenacious and less brittle and hence more
difﬁcult and energy intensive to grind into ﬁne particles. This
problem is especially acute when biomass is to be used in
pulverized combustion systems [1]. Torrefaction is a mild
temperature (200e300 C) pre-treatment of biomass in an inert
atmosphere, which has received increased attention in recent
years [2]. During the process, the biomass looses moisture and
a proportion of the volatile content, and becomes dry, darker,
and brittle. Torreﬁed biomass is hydrophobic, has a higher
caloriﬁc valueand iseasier to grind [3,4]. Atpresent, a number of
studies on grindability of torreﬁed biomass have been carried
out. Arias et al. [3] ground torreﬁed eucalyptuswood in a cutting
mill with a bottom sieve of 2 mm. In all cases, there is an
improvement in the grindability characteristics of the treated
biomass, as the percentage of particles passing to the lower size
fractions greatly increases for the samples subjected to the
torrefaction process. Bridgeman et al. [5] measured the Hard-
grove Grindability Index (HGI) of willow heated at 240 C and
290 C for 10 and 60 min by using a Retsch ball mill. The higher
* Corresponding author. Tel.: þ45 2132 4979; fax: þ45 4677 4109.
E-mail address: lesh@kt.dtu.dk (L. Shang).
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0961-9534/$ e see front matter ª 2012 Elsevier Ltd. All rights reserved.
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temperatures and longer residence times improved the grind-
ability. Abdullah and Wu [6] investigated the thermal pre-
treatment (300e500 C) of mallee wood in a ﬁxed-bed reactor.
A laboratory ballmill was used for testing the grindability. They
found that thermal treatment below330 C leads to signiﬁcantly
bettergrindingpropertiesand that further temperature increase
had only minor effects. Further studies about the torrefaction
and grindability of wood samples have been made by [7e10].
Where these studies have shown the beneﬁcial effect of
torrefaction of woody biomass, grass samples such as wheat
straw present more difﬁculty. Wheat straw has some unique
properties that differ fromwoody biomass. The tenaciousness
of the untreated wheat straw makes it almost impossible to
grind in a ball mill, where the tumbling action rather ﬂattens
the ﬁbers instead of crushing and breaking them. This is
related to the ultra structural differences of the cell wall of
wheat straw as compared to woody biomass. For example,
wheat straw ﬁber has a much thicker outer layer in the
secondary cell wall based on volume percentage compared to
spruce tracheid. The ﬁbrils in this layer are oriented laterally
in cross helix making the deﬁbrillation of grassy biomass
more difﬁcult [11]. From a chemical point of view, there is also
difference between wheat straw and woody biomass. The
main hemicelluloses found in hardwood are partially acety-
lated (4-O-methyl-D-glucuronopyranosyl)-D-xylans, while
hemicelluloses in wheat straw are more complex, mainly
consisting of a (1/4)-linked b-D-xylan with D-glucopyr-
anosyluronic acid (or 4-O-methyL-a-D-glucopyranosyluronic
acid) groups attached at position 2, and L-arabinofuranosyl
and D-xylopyranosyl groups attached at position 3. They form
hydrogen bonds with cellulose, covalent bonds (mainly a-
benzyl ether linkages) with lignin, and ester linkages with
acetyl units and hydroxycinnamic acids. The cross-linking of
hemicelluloses and lignin by ferulates/diferulates in the
wheat straw cell wall enhanced the difﬁculty of separating
these two components [11]. Higher percentage of hemi-
celluloses in wheat straw compared with woody biomass also
contributes to the better linkage between the polymers.
In studies of heat-induced modiﬁcations of biomass prop-
erties, Svobodaet al. [12] summarized that themain changes in
biomass due to torrefaction involve decomposition of hemi-
celluloses andpartial depolymerization of lignin and cellulose.
Bella et al. [13] heated American hardwoods to temperatures
between 200 C and 400 C, and found a lower cellulose and
hemicelluloses resistance compared to lignin. Although some
decomposition temperatures for these compounds can be
found in literature [5,8], there is a lack of experimental data
indicating the close relationship between the thermochemical
and the grindability changes, especially for wheat straw.
In the present work the heat-induced chemical modiﬁca-
tions of biomass is monitored by Attenuated Total Reﬂectance
(ATR) e FTIR spectroscopy, where the samples were heated
before recording the spectra. ATR-FTIR spectroscopy is a facile
method which provides direct information from the outer
(mm) sample surface layers with no requirement for prior
sample preparation. The spectra recorded provide basic and in
principle quantitative information on the sample cell wall
polymers and their chemical modiﬁcations. These modiﬁca-
tions, obtained at various torrefaction temperatures, are
related to the mechanical and grindability properties.
Different methods have been used to study these properties.
One example is the Hardgrove Grindability Index (HGI), which
in principle is a simple measure of grindability.
The HGI was developed as ameasure, which indicates how
difﬁcult it is to grind a speciﬁc coal to the particle size
necessary for effective combustion in a pulverized coal ﬁred
boiler [14]. In the standard method the HGI value is based on
the amount of sample passing through a 75 mm sieve after
being ground in a standard Hardgrove ball mill for 377 radians
for each ﬁxed amount of feed (50 g). Joshi [15] and Agus and
Waters [16] pointed out that the ﬁxed mass approach is
unsatisfactory for making direct comparisons among fuels
with densities differing a lot. To correct this situation and to
bring evenness in grindability ratings of biomass and coal,
Bridgeman et al. [5] used the same ﬁxed volume (50 cm3) for
each feed as opposed to a ﬁxed mass (50 g).
As the HGI is based on an empirical method, it is not linked
directly with any speciﬁc physical property of the sample, and
suffers from relative low reproducibility and repeatability.
Therefore, as a supplement, it was decided to investigate the
tensile strength of the wheat straw samples before and after
torrefaction. The tensile strength is the maximum stress that
a material can withstand while being pulled before breaking.
Furthermore, by measuring the elongation of the specimen
while pulling it apart, it is possible to calculate the strain
energy at fracture per unit volume. Yigit [17] related the
energy absorbed per unit new surface area created during
comminution and the strain energy per unit volume of a solid
at fracture, and established mathematical models assuming
fracture by tensile stresses. Mathematical models of new
surface area energy derived from different fracture patterns
all have a positive linear relationship with strain energy per
unit volume, if the starting particle size and the reduction
ratio are constants. Although the models cannot fully repre-
sent the realistic fracture pattern of a comminution process,
they allow one to use the relative change of the strain energy
at fracture under tensile stress at different torrefaction
temperatures as an indication of how much energy can be
saved during grinding under the same mill conditions.
The objective of this study was to obtain knowledge on the
effects of the torrefaction process on the chemical and
mechanical behavior. Attenuated total reﬂectance Fourier
transform infrared (ATR-FT-IR) spectroscopy, together with
chemical analysis of cell wall composition were used to qual-
itatively determine the chemical changes in the lignocellulosic
material during the torreﬁcation process. HGI and tensile
strength test were used to study the mechanical behavior of
the straw at different conditions of torreﬁcation. Higher heat-
ing value (HHV) was determined to establish a relationship
between energy loss and anhydrous weight loss (AWL).
2. Material and methods
2.1. Torrefaction
The wheat straw used in this study is from winter wheat (Tri-
ticum aestivum L.), which was themost grownwheat species in
Denmark in 2008. The strawwas cut by hand in the ﬁeld on the
islandof Funen,Denmark (55210N10210E) inAugust 2008, and
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stored indoors packed in the paper bags. Prior to the experi-
ment, wheat straw were selected and cut to about 30 cm long
pieces. Samples were ﬁrst dried in the oven at 104 C for 24 h,
and thenplaced inanair tightmetal container (15 31 10 cm)
that could be heated in an oven (Lyngbyovnen of type S 90,
3  380 V, 9 kW) to the desired torrefaction temperature
0.5 dm3 min1 of nitrogen was pumped through the sample
container to create an inert atmosphere. The temperature of
the oven was measured in the center of the chamber using
thermocouples and this measurement was used for tempera-
ture control. The residence time of the torrefaction process
starts when the material temperature has reached the set
temperature until it starts to cool down. Torrefaction was
carriedoutat 150, 200, 220, 230, 250, 260, 270, 280, 290and300 C
with residence timeof 2h.Additional different residence times
of 0.5, 1, 2, 3 h were tested at 250 C.
2.2. ATR-FTIR
For sample preparation wheat straw were comminuted in
aHardgrove ballmill and the particle size fraction between 250
and 600 mm was used for the FTIR test. Before the test, these
particles were dried in the oven at 40 C for 24 h. ATR-FTIR
spectra (4000e650 cm1) were recorded using a Fourier trans-
form infrared spectrometer (Nicolet 6700 FTIR, Thermo Elec-
tron Corporation, USA). The system was equipped with
a thermostat controlled ATR unit (T ¼ 30 C) where the sample
was pressed against the diamond surface using a spring-
loaded anvil. All spectra were obtained with 128 scans for the
background (air) and100 scans for the samplewitha resolution
of 4 cm1. Spectra were recorded from 10 different sub-
samples for each sample condition, and these spectra were
normalized at around 690 cm1 where the spectra are free of
distinct IR bands. The average spectrum of the 10 normalized
spectra was presented for each sample condition. A spectrum
was also obtained for each of the two xylans (from Birchwood
and from oat spelts, both from Sigma) reference samples
(results not shown in this paper).
2.3. Tensile strength
Plant leaf materials were removed from the stem internodes,
and a ﬂat thin piecewas cut from the hollow stem. The ends of
the specimens were glued between 2 pieces of aluminum by
using ‘Loctite super glue, precision’ (Henkel, USA). The length
of the specimen was in the range of 3e6 cm, and the width of
the specimen was in the range of 1.4e3.1 mm.
Tensile tests of wheat straw torreﬁed at different temper-
atures were tested using a tensile tester (Vantage, Thwing
Albert, USA) with a video extensometer measuring the
prolongation of the straw. The elongation rate was
1 mm min1 and stress was recorded using a 250 N load cell.
Data from samples that failed close to the aluminum tabs
were rejected. Each measurement was repeated 4 times,
except for wheat straw torreﬁed at 300 C. Due to the brittle-
ness of the sample, data were collected from only 2 samples.
The tensile failure stress (or ultimate tensile strength), s, of
the specimen was calculated from the Eq. (1) [18]:
s ¼ Ft
A
(1)
where Ft is the tension force at failure and A is the area of the
specimen at the failure cross-section. The cross-section area
was measured both by an electronic digital micrometer
(Digital Micrometer DIN 863, Diesella, Denmark) and calcu-
lated from the apparent density by assuming a uniform wall
area and structure with length. The length and weight of each
specimen were measured before the test, and the cross-
section area was calculated as given in Eq. (2):
Area ¼ m
r l (2)
where r is the apparent density that was determined by
coating the wheat straw samples (prepared in the same way
as the tensile strength specimen) with parafﬁn wax (with
known density). The weight was measured both prior to and
after the coating with parafﬁn wax. Volumetric pipettes and
water were used to measure the volume of wax coated
samples in a volumetric ﬂask.
Strain energy per unit volume was calculated as the area
below the stress-strain curve in the diagram with the percent
of elongation as X-axis and stress as Y-axis [19].
2.4. Hardgrove Grindability Index (HGI)
Determination of grindability was performed in a standard
Hardgrove grinder (3200LB, AUBEMA, Germany) pursuant to
the ASTM D409-51 (1961) standard. The test feed volume was
50 cm3 with a particle size between 0.6 mm and 1.18 mm, this
was done by pouring the particles into a 50 cm3 volumetric
ﬂask and vigorously stamping on a wooden board to the point
where further stamping did not reduce the volume of the
material. The loading of the top grinding ring was 290 N and
the grinding timewas 3min (377 radians of themill at speed of
2.09 rad s1). The test sieve had a 75 mm mesh size and the
Hardgrove Index was determined by Eq. (3) [20]:
HGI ¼ 13þ 6:93mH (3)
where mH is the weight (in the units of gram) of the ground
product passing the 75 mm sieve. The lower the number, the
more difﬁcult the material is to grind.
In addition to the wheat straw samples, a reference coal
sample (RUKUZN, supplied by DONG Energy, Denmark) was
tested. The sample was dried in an oven at 104 C for 24 h
before the test, and the mass fraction of water was deter-
mined to be 9.0% on wet material basis (w.b.). HGI was
measured for the original (wet), partially dried and totally
dried coal sample according to ASTM standard test procedure
as described in [20] by using the same ﬁxed volume (50 cm3)
for each feed.
2.5. Heating value
A Bomb calorimeter (6300, Parr Instrument Company, USA)
was used to determine the higher heating value (HHV).
Initially, the calorimeter was calibrated using benzoic acid
tablets. Torreﬁed wheat straw was milled in a cutting mill
(SM2000, Retsch, Germany) and particles smaller than 0.6 mm
were placed in the crucible and ﬁred inside the bomb calo-
rimeter using an ignition wire in the presence of oxygen. The
measurementswere repeated at least 2 times, and the average
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value was used for calculation. Ash content was determined
by placing the samples in a mufﬂe furnace at 550 C for 3 h, 2
measurements were taken for each condition. Sample cruci-
bles were ashed and dried before the measurement, and the
dry material content (DM%) of each sample was determined
by a moisture analyzer (Halogen moisture analyzer, Mettler
Toledo, Switzerland). All data was calculated on dry and ash
free basis (daf).
AWL% ¼ 100

1ma
mb

(4)
AWL%ðdafÞ ¼ AWL%100 ash%ðr:b:Þ  100 (5)
ash%ðr:b:Þ ¼ ash%ðt:b:Þ  100AWL%100 (6)
HHVðdafÞ ¼
HHV=DM%
100 ash%ðt:b:Þ  100 (7)
energy loss%ðdafÞ ¼

1 HHVðdafÞ
HHV104 CðdafÞ


1AWL%ðdafÞ
100

 100
(8)
where ma and mb stand for the sample mass after and before
the torrefaction respectively. mb was recorded right after the
drying, making AWL% already dry based. ash%(r.b.) denotes
ash content in the raw material (untorreﬁed), whereas
ash%(t.b.) is the ash content in the torreﬁed material. Both
parameters are dry material based. Energy loss is deﬁned as
the total heating value loss of the same wheat straw samples
after the torrefaction treatment. HHV104 C means the heating
value of oven dried (104 C, 24 h) wheat straw.
2.6. Cell wall composition
The content of lignin, cellulose and hemicelluloses were
determined for both untorreﬁed wheat straw andwheat straw
torreﬁed at 300 C for 2 h according to ASTM E 1758-01 [21] and
Kaar et al. [22]. Brieﬂy, a representative sample that was
smaller than 1 mm was ﬁrst made soluble in strong acid (72%
H2SO4) at room temperature and then hydrolyzed in dilute
acid (4%H2SO4) at 121 C by autoclavation. Hemicelluloses and
cellulose contents were determined by HPLC analysis of
liberated sugar monomers. Klason lignin content was deter-
mined based on the ﬁlter cake, subtracting the ash content
after incinerating the residues from the strong acid hydrolysis
at 550 C for 3 h.
3. Results and discussion
3.1. ATR-FT-IR
Infrared spectra taken from wheat straw samples torreﬁed at
different temperatures are shown in Fig. 1 with the bands of
interest being identiﬁed by their wavenumbers. The band at
670 cm1 is characteristic for cellulose [23,24] and is an OH
torsional vibration band. The fact that a signiﬁcant decrease of
this band is seen only for the highest temperatures between
270 C and 300 C shows that the cellulose component is
largely stable until these temperatures are reached. The band
at 1160 cm1 is attributed to the antisymmetric stretching of
C-O-C glycosidic linkages in both cellulose and hemicelluloses
[25,26]. Its decrease is attributed to depolymerization and is
most signiﬁcant at the higher temperatures, and for 300 C the
band is practically absent. Gierlinger et al. attributed the band
at 1240 cm1 to the antisymmetric stretching of C-O-C of
acetyl groups [26]. There are no acetyl groups existing in the
hemicelluloses of wheat straw. However, for both reference
xylans a band is found at 1245 cm1 and is of approximately
the same strength as the (xylan) 900 cm1 band. The assign-
ment of the 1240 cm1 band to lignin can also not be ruled out.
The peak observed at 1505 cm1 is diagnostic of lignin [25,27]
and is placed in a spectral region devoid of polysaccharide
peaks. No clear change of this peak is observed for most of the
temperature range. However, at 300 C it does appear to have
diminished. The band at 1732 cm1 is attributed to the
carbonyl stretching band of carboxylic acid groups in hemi-
celluloses [26,27]. It starts to decrease from 250 C, signifying
a reduction in the amount of the carboxylic acid groups of
hemicelluloses. This reduction is paralleled by the appearance
of a new degradation product band at 1700 cm1. When tor-
refaction temperature reaches 300 C, the 1732 cm1 band is
completely eliminated, which suggests the complete removal
of hemicelluloses. The narrow CH2- stretching bands (super-
imposed a broader band) at approximately 2850 and 2920 cm1
are ascribed to the aliphatic fractions of wax [27]. These bands
for the C-H stretching can clearly be seen in spectra of
extracted wax using hexane by work by Stelte et al. [28]. These
bands appear not to change signiﬁcantly due to the heat
treatment of torrefaction although a small decrease of these
bands is suggested for the highest temperatures. It is possible
that the highermolecular weight waxesmay still be present in
the samples torreﬁed at 300 C, although further work needs
to be done to conﬁrm this.
Fig. 1 e ATR-FTIR spectra of oven dried (104 C) and
torreﬁed wheat straw samples. All spectra are separated to
ease the comparison.
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By analyzing the FTIR spectra of the torreﬁed wheat straw
samples, it can be concluded that there is no major structural
change of the wheat straw samples torreﬁed below 200 C.
Increasing the temperature from 200 C to 250 C introduces
distinct changes in the spectrum. These appear not to involve
lignin or cellulose to any major extent, as the two character-
istic bands of these components at 1505 and 670 cm1 do not
change. Thus degradation and depolymerization of hemi-
celluloses is proposed to account for the initial low tempera-
ture torreﬁcation effects. A higher temperature effect is most
notable for the 270 Ce300 C transition and consists of the
degradation of lignin and cellulose. The cell wall composition
of both untorreﬁed wheat straw and wheat straw torreﬁed at
300 C were determined, and the results (Table 1) support the
ﬁndings from FTIR. At 300 C torrefaction conditions, hemi-
celluloses are almost completely removed and cellulose is also
reduced substantially. Furthermore, although some degrada-
tion of wax is indicated, its efﬁcient removal by the heat
treatment during torrefaction has not been proved at the
current operational conditions (300 C, 2 h).
3.2. HGI
The reference coal sample at 3 different moisture contents on
wet material basis (w.b.) (totally dried: 0%; partially dried:
6.3%; wet: 9.0%) were ﬁrst ground in the standard Hardgrove
grinder, and HGI was determined to be 33, 53, 68 respectively.
Then the relationship between the mass fraction of the coal
samples passing through the 75 mm sieve after the grinding (x)
and the equivalent HGI (HGIequiv) was established in the
similar way as Bridgeman et al. [1]. The result is given in Eq. (9)
with R2 ¼ 0.9993:
HGIequiv ¼ ðxþ 5:2521Þ0:3577 (9)
This equation was then used to determine the equivalent
HGI of the wheat straw samples torreﬁed at the different
temperatures. Meanwhile, standard HGI value was calculated
according to Eq. (3). Both standard and equivalent HGI are
calculated and plotted in Fig. 2. The standard HGI value of wet
coal was measured to be 33, which is close to the value of
wheat straw torreﬁed at 300 C for 2 h. It means that the mill
can produce similar amounts of ﬁne particles by loading the
same volume of the two materials. The HGI tests were
repeated for thewheat straw samples torreﬁed at 300 C. It can
be seen from the ﬁgure that there was no big improvement of
HGI when torrefaction temperaturewas lower than 200 C and
the HGI value increases sharply when torrefaction tempera-
ture goes from230 C to 300 C. FTIR spectra indicate that there
is no major structural change of samples torreﬁed below
200 C, hemicelluloses start decomposition at 200 Ce250 C
and are removed totally when torrefaction temperature rea-
ches 300 C, while cellulose and lignin are found to start the
degradation at 270 Ce300 C. It can thus be concluded that the
removal of hemicelluloses is the main reason of the increase
of HGI, which means a better grindability.
Furthermore, plots of mass fraction of particles passing
75 mmand 250 mmafter being ground in the Hardgrove ballmill
are given in Fig. 3. It can be seen that there is no big change
before 200 C. The largest increase in the ﬁne particle fraction,
which is smaller than 75 mm, happens in the range of
250 Ce300 C. For particles smaller than 250 mm it happens in
the temperature range of 200 Ce250 C. The mass fraction of
reference coal particles at different moisture contents passing
through 75 mm and 250 mm after grinding are 6.67%e19.08%,
and 31.26%e41.95% respectively. This means that in order to
produce similar grindability as coal, the torrefaction temper-
ature should be at least 230 C. At a torrefaction temperature
of 260 C, wheat straw sample has a similar equivalent HGI
value as ‘totally dried coal’, but a higher percentage of parti-
cles passing through 250 mm sieve.
In order to study the inﬂuence of residence time on the
Hardgrove grindability, tests were also made for wheat straw
torreﬁed at 250 C for 0.5 h, 1 h, 2 h and 3 h respectively.
Results are shown in Fig. 4. It can be seen that for a torre-
faction temperature of 250 C, a 2-h residence time is enough
for improving the grindability of wheat straw samples.
3.3. Tensile strength
The results of the tensile strength measurements obtained by
using both apparent density and caliper measurements are
shown in Fig. 5. From both methods, it can be seen that there
is a clear decrease of breaking stress from 150 C to 200 C, and
from 250 C to 300 C. Compared to the HGI results, both tests
show a big improvement of grindability at a torrefaction
temperature of 250 Ce300 C, and this ﬁnding is consistent
with the FTIR analysis results discussed in 3.2. By comparing
themean strain energy (Fig. 6), it can be concluded that wheat
straw torreﬁed at 250 C for 2 h only requires about 1/5 to 1/7 of
Table 1 e Mass fraction of hemicelluloses, cellulose and
lignin in both raw and torreﬁed wheat straws (dry and
ash free basis).
Lignin Cellulose Hemicellulose Total
Raw wheat straw 21.28 35.64 27.78 84.70
Wheat straw-torreﬁed
at 300 C for 2 h
98.40 1.02 0.34 99.76
Fig. 2 e HGI of oven dried (104 C) and torreﬁed wheat
straw.
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the energy, required to pull untorreﬁed, oven dried wheat
straw apart.
The tensile strength of untreated wheat straw with mass
fraction of water in the range of 8e65% on wet material basis
(w.b.) found in the literature varies from 9 MPa to 38 MPa
[18,29,30]. Contrary to these numbers, Kronbergs [31] reported
a much higher value for wheat stalk, found to be (118.7  8.63)
MPa. These data are based on the wall area of the whole stalk
sample at the failure cross-sections. Besides, Burmistrova [32]
calculated stalk cross-section area based on the absolute dry
weight of the wheat sample, the length of sample and the
density of cellulose (1.55 g cm3). This physical cross-section
area is smaller than the geometrical wall area by a factor of
5e10. Therefore the tensile strength, which was found to be in
the range of 128 MPae399 MPa, is correspondingly larger than
the results of the other quoted authors. Comparing the results
obtained from oven dried wheat straw in this paper and the
data mentioned above, it is found that the tensile strength is
likely to be underestimated in most of the literature [18,29,30]
where the whole stalk is used for the test. This is because the
whole stalk does not break equally at the same time. In most
cases, the weakest part breaks ﬁrst while the other parts still
hold together and only break when the force increases.
Therefore, the cross section area of the whole stalk is bigger
than the actual area where the break happens, leading to
underestimated tensile strength.
3.4. Anhydrous weight loss and energy loss
The weight loss from the drying process (104 C, 24 h) is quite
constant, which is around 9e10% (w.b.). The weight loss in the
torrefaction process can also be called anhydrous weight loss
(AWL). The higher torrefaction temperature, the more mass is
Fig. 3 e Mass fraction of particles passing through 75 mm,
and 250 mm after grinding for oven dried and torreﬁed
wheat straw.
Fig. 4 e Mass fraction of particles passing 75 mm, and
250 mmafter grinding for wheat straw torreﬁed at 250 C for
difference time.
Fig. 5 e Tensile strength of wheat straw dried in oven
(104 C, 24 h) and torreﬁed under different temperatures
for 2 h.
Fig. 6 e Strain energy of samewheat straw as in Fig. 5 from
both direct caliper measurement and indirect apparent
density calculation.
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lost. When the temperature reaches 300 C, around half of the
material is lost.
Fig. 7 shows the experimental and calculated results of ash
content. The increase of experimental ash content is only due
to the mass loss (non-ash part) from torrefaction. By
comparing the calculated ash content, it can be concluded
that torrefaction treatment below 300 C and 2 h has no
inﬂuence on the ash content of wheat straw samples.
The higher heating value of wheat straw torreﬁed to
different degrees (in form of AWL%) on dry ash free basis is
shown in Fig. 8. Data obtained from different residence times
at 250 C are also presented in the plot (triangle markers). As
shown, these points are located on the same trend line of HHV
as a function of AWL% obtained from different torrefaction
temperatures with the same residence time (2 h). This means
that the parameter AWL%(daf) can be used as a parameter to
determine the effect of different torrefaction conditions,
including temperature and residence time, on the heating
value of the biomass. This ﬁnding is in agreement with the
study done by Almeida et al. [33].
In addition, the inﬂuence of the degree of torrefaction as
given by the AWL% parameter on the energy loss is also
shown in Fig. 8. When the torrefaction conditions get more
severe, there is more anhydrous weight loss and energy loss
from the original material. The FTIR results show that hemi-
celluloses start the decomposition at 200e250 C and it lasts
until 300 C,while cellulose and lignin start the decomposition
at 270e300 C. So there is more energy and mass loss at tor-
refaction temperatures ranging from 250 C to 300 C
compared to from 200 C to 250 C.
Furthermore, these two kinds of loss are not at the same
ratio. Heating value is lost faster than the mass. The energy
loss at 300 C (33%) is about 2.8 times of the energy loss at
250 C (12%); while regarding anhydrous weight loss this
number is 2.3. So in order to preserve energy in the torreﬁed
material, lower torrefaction temperature and/or shorter resi-
dence time are preferred. On the other hand, if energy
condensedmaterial is desired, it is better to have more severe
torrefaction condition.
4. Conclusion
By comparing the HGI of wheat straw samples torreﬁed at
different temperatures, it can be seen that there is almost no
improvement of the grindability for samples torreﬁed below
200 C. In the torrefaction temperature range between 230 C
and 300 C, theHGI value increases sharply. In the same range,
tensile failure stress decreases from about 24 MPa to 4 MPa,
which shows a close relation between the two properties. The
FTIR analysis suggests that the removal of hemicelluloses, the
degradation of which starts at 200e250 C and ﬁnishes at
about 300 C, is the main reason for the improvement of
grindability in this temperature range. Following grinding of
the wheat straw torreﬁed at a temperature of 230 C, the
samples produce similar mass fraction of ﬁne particles
(<75 mm) as the tested wet coal sample (with 9.0% moisture
content on wet basis), while similar percentages of ﬁne
particles as produced from ‘totally dried coal’ (with 0% mois-
ture content) can be achieved at a torrefaction temperature of
260 C.
However, tensile strength test was not proved to be more
reproducible and repeatable than the HGI test. But on the
other hand, strain energy measured from tensile failure
strength suggests that about 80e85% of the energy can be
savedwhen comparing torreﬁedwheat straw (250 C, 2 h) with
oven dried samples in the breaking process. Such numbers
cannot be derived from HGI results.
By looking at the relationship between energy loss and
weight loss, it is found that the percent of energy loss
increases faster than the weight loss when torrefaction
condition gets more severe and is probably because the
degradation of lignin and cellulose happen at 270e300 C. So
in order to preserve energy in the torreﬁed material, lower
torrefaction temperature and shorter residence time are
preferred. On the other hand, if energy condensed material is
desired, it is better to havemore severe torrefaction condition.
Fig. 7 e Ash content of wheat straw torreﬁed at different
temperatures (denoted as ‘ash% (t.b.)’), and calculated ash
content of raw materials (denoted as ‘ash% (r.b.)’). All data
are on dry material basis.
Fig. 8 e Higher heating value and percent of energy loss of
wheat straw torreﬁed at different degrees (150, 200, 220,
230, 250, 260, 270, 280, 290, 300 C for 2 h ‘250 C, 0.5e3 h’
represents the data collected at 250 C torrefaction
temperature with different residence time of 0.5, 1, 2, and
3 h). All data are on dry and ash free basis.
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Abstract 12
Pine chips, Scots pine pellets and wheat straw were torrefied at 200-300 ÛC in an inert atmosphere. The higher 13
heating value (HHV) of chips and pellets increased from about 20 MJ kg-1 to 29-30 MJ kg-1; while the HHV of 14
straw was about 0.8 MJ kg-1 lower than other two fuels on a dry and ash free basis. Steep reductions in grinding 15
energy were observed for torrefied chips and pellets with mass loss of 25% and 10% during torrefaction, 16
respectively. Hardgrove Grindability Index was proved not able to predict the level of grinding energy under 17
practical conditions.  The hygroscopicity results showed biomass torrefied at higher temperature takes up less 18
moisture. The gas products evolving from biomass torrefaction, as detected in situ using a mass spectrometer 19
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coupled TGA, matched well with the degradation of biomass. The cumulative releases of gas products from the 20
three biomass species at 300 ÛC were compared.  21
Keywords: Torrefaction, Hardgrove, Grindability, wood chips, pellet, wheat straw 22
1. Introduction  23
The role of sustainability in the heat and electricity production continues to increase worldwide. The European 24
Commission has set a binding target of a 20% share of renewables in the energy consumption by 2020 [1]. Wood 25
pellets, wood chips and wheat straw are three widely used biomass fuels in power plants in Denmark [2]. 26
However, these biomass fuels are more challenging to utilize than coal. Wood chips and wheat straw suffer from 27
a low heating value and low bulk density [3]. The typical energy density (on a lower heating value base) of 28
softwood chips and wheat straw is about 2800 MJ m-3and 1740 MJ m-3, respectively. Wood pellets have a much 29
higher value of 9840 MJ m-3 [4]. However, they are still not comparable to coal (~ 32500 MJ m-3) [5]. This 30
causes higher transportation and storage costs for biomass fuels compared to coal, and also reduces the thermal 31
capacity in boilers when co-fired with coal [6]. Furthermore, the high moisture content present in biomass fuels 32
and their ability to absorb moisture from the surrounding atmosphere increase the costs of thermochemical 33
conversion due to the drying stage [7]. The tenacious and fibrous nature of biomass fuels, especially for wheat 34
straw and wood chips, is another important issue when it comes to grinding the fuels before utilization.  35
Torrefaction is a mild thermal (200-300 ÛC) pre-treatment of biomass in an inert atmosphere, which has received 36
increased attention in recent years [8]. During the process, biomass first looses moisture at the drying stage 37
(~100 ÛC) and at higher temperatures gas products are released due to the dehydration and decarboxylation 38
reactions of the long polysaccharide chains [9]. Typically, 70% of the mass is retained as a solid product, 39
containing 90% of the initial energy content. Thus, energy densification can be achieved. Pellets made from 40
torrefied biomass can reach an even higher energy density of 14000 MJ m-3, similar to a low rank coal [10]. In 41
addition, the energy consumption during grinding of torrefied biomass can be reduced by 70-90% compared to 42
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untreated biomass [10,11].  Furthermore, torrefied biomass is proved to be hydrophobic [7,12]. All these 43
property changes favor the replacement of fossil fuels with torrefied biomass in connection with co-milling and 44
co-firing with coal in large scale utility boilers. Phanphanich and Mani also reported that torrefied biomass may 45
produce less tar during gasification because of low moisture content and low hemicelluloses concentration [13]. 46
The aim of this study was to gain an understanding of how torrified biomass properties depend on torrefaction 47
temperature. Furthermore, comparisons among three biomass fuels (pine chips, Scots pine pellets, and wheat 48
straw) were made. Torrefaction were performed in an oven at 6 different temperatures in the range of 200 to 300 49
ÛC with 20 ÛC intervals. The higher heating value (HHV) was determined using a bomb calorimeter with the aim 50
of establishing a relationship between energy loss and mass loss during torrefaction. Grindability was studied 51
based on a modified Hardgrove Grindability Index (HGI), HGIequiv, which is a simple and trustable measure of 52
grindability for materials that have very different bulk densities [14,15]. The main difference between HGIequiv 53
and standard HGI is that the former uses the same fixed volume (50 cm3) while the later one uses a fixed mass 54
(50 g) for each grinding test. In the present study, particle size distribution of fines collected after the Hardgrove 55
grindability tests was also measured as a complement to HGI results, because the HGI value is only based on the 56
amount of sample passing through a 75 ȝm sieve. It needs to be noticed that the HGI test requires that the 57
material is in the size range of 0.6 to 1.18 mm, which means that samples were ground and sieved prior to the 58
test. This procedure could raise the question if the dominant bonding mechanisms of particles in the range of 0.6 59
- 1.18 mm are the same as for the whole sample. This problem is especially relevant for pellets, which are made 60
by compressing sawdust or pre-ground woody biomass together. It is known that high mechanical strength of 61
wood pellets is a result of strong inter particle bonding. The major bonding mechanisms in densified biomass 62
products can be summarized as molecular forces (f.x. hydrogen bonding, van der Waals forces, etc), fiber 63
interlocking, and solid polymer bridges between adjacent wood particles due to polymer softening and 64
interpenetration of polymer chains i.e. lignin [16,17]. Furthermore, these mechanisms may be changed due to 65
molecular structural change caused by torrefaction. For example, hydroxyl groups, responsible for hydrogen 66
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bonding and hydrophilicity, are probably converted. Hence bonding decreases with increasing torrefaction 67
degree. In order to confirm this and to confirm the assumption that the bonding strength in small particles and 68
whole pellets is different, the energy consumption during grinding the whole pine chips and pellets was 69
measured on a bench scale disc mill and compared with the HGI results. The hygroscopicity was studied by 70
measuring the equilibrium moisture contents (EMCs) of torrefied biomass under three different relative 71
humidities.  72
Gas products evolved from the biomass during torrefaction was analyzed using simultaneous thermal analysis 73
coupled with mass spectrometry (STA-MS). Unlike traditional gas chromatography, which requires sampling 74
and is a discontinuous analysis, STA-MS provides information on the identification of major volatile species and 75
the typical temperature range of release in one continuous measurement. Since each ion detected in the mass 76
spectrometry has its own response factor, the intensities of the same mass to charge ratios (m/z) can therefore be 77
compared for different samples after a normalization procedure [18]. However, profiles of different gases 78
released during torrefaction of a single material can be compared only qualitatively, giving information on the 79
temperature range and the evolution behavior for each compound.  In this work, the results of STA-MS analysis 80
of three biomass materials are studied, the main volatile compounds are identified and compared, and the main 81
volatilization step is characterized. This information will be useful for utilizing the evolved gas to supply the 82
heat of the process.  83
2. Experimental 84
2.1. Materials  85
Winter wheat straw (Triticum aestivum L.) was used which was the most grown wheat species in Denmark in 86
2008. It was harvested on the island of Funen, Denmark (55°21ĄN 10°21ĄE) in August 2008 and cut by hand 87
and stored indoors packed in paper bags. Pellets made from pine wood were supplied by Verdo’s pellet factory 88
in Scotland. The diameter of the pellets were 6 mm. Wood chips were Danish pine wood from various sources 89
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on Zealand, Denmark (55° 30ƍ N 11° 45ƍ E). The size of the chips varied from 30×30×20 mm to 100×100×30 90
mm. The chips were stored for several months in a shielded container with air circulation and had a constant 91
moisture content of around 16% on wet mass basis.  92
2.2. Torrefaction  93
Samples were dried in the oven at 104 ÛC for 24 hours, and subsequently placed in an air tight metal reactor 94
(15×31×10 cm) with a nitrogen gas in and outlet, and a thermocouple centered in the reactor. The reactor was 95
placed in an oven (type S 90, Lyngbyovnen, Denmark) controlling the torrefaction temperature. The heating rate 96
for the oven was 6 ÛC min-1. Nitrogen flow was adjusted to 0.5 dm3 min-1 at room temperature. The residence 97
time is the period from when the thermocouple inside the reactor has reached the set temperature and the start of 98
the cooling down period. Torrefaction was carried out at different temperatures spanning from 200 to 300 ÛC at 99
20 ÛC intervals for 2 h (residence time). However, for grinding energy consumption measurements pine chips 100
were torrefied at 200, 250, 275 and 300 ÛC for 2 h and pellets at 230, 250 and 270 ÛC for 1 h.  101
The anhydrous weight loss (AWL, %) means the mass fraction lost during torrefaction, and it was determined 102
based on Equation (1), where mb is the mass of the original dry sample and ma is the residual mass after 103
torrefaction of the dried sample. 104
¸¸¹
·
¨¨©
§ u 
b
a
m
mAWL 1100                                  (1) 105
2.3. Cell wall composition analysis 106
The content of the cell wall (lignin, cellulose and hemicelluloses) was determined for both untorrefied biomass 107
and biomass torrefied at 300 ÛC for 2 hours according to ASTM E 1758-01 [19] and Kaar et al. [20]. A 108
representative sample smaller than 1 mm was dissolved in 72 % H2SO4 at room temperature and then hydrolyzed 109
in dilute acid (4 % H2SO4) at 121 ÛC by autoclaved for 60 minutes. Hemicelluloses and cellulose contents were 110
determined by HPLC (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) analysis of liberated sugar monomers 111
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in the filtered liquids, such as xylose, arabinose, galactose, mannose, and glucose, respectively. Details of HPLC 112
analysis refer to [21]. Klason lignin content was determined based on the residual filter cake corrected for the 113
ash content. Ash was determined as the residue left after 550 ÛC incineration for 3 h.  114
2.4. Proximate analysis 115
The contents of moisture, volatile matter, and fixed carbon of the three biomass species were determined on a 116
simultaneous thermogravimetric analyzer (STA 449F1, NETZSCH, Germany) according to [22,23]. 117
Thermogravimetric analysis was carried out under a nitrogen purge at constant rate of 50 cm3 min-1. About 3 mg 118
samples smaller than 0.09 mm were first heated up to 105 ÛC at a heating rate of 10 ÛC min-1, maintained at 105 119
ÛC for 10 min, then raised to 900 ÛC at the rate of 50 ÛC min-1. The mass evolved at 105 ÛC is mainly moisture, 120
whereas the mass evolved at temperatures between 105 and 900 ÛC is mainly volatile matter. All mass remaining 121
after heating to 900 ÛC consists of fixed carbon and ash. Ash content was measured separately as described in 122
section 2.3. For both thermogravimetric analysis and determination of ash content two measurements were 123
conducted for each biomass sample.  124
2.5. Heating value 125
A bomb calorimeter (6300, Parr Instrument Company, USA) was used to determine the higher heating value 126
(HHV, MJ kg-1). Torrefied biomass was milled in a cutting mill (SM2000, Retsch, Germany) and particles 127
smaller than 0.6 mm was chosen for the test. Initially, the calorimeter was calibrated using benzoic acid tablets. 128
Sample particles were placed in the crucible and fired inside the bomb calorimeter using an ignition wire in the 129
presence of oxygen. At least 2 samples were tested for each temperature condition. Ash content was determined 130
as described in section 2.3. Dry material content (DM, %) was determined by a moisture analyzer (Halogen 131
moisture analyzer, Mettler Toledo, Switzerland). All data were calculated on dry and ash free basis (daf).  132
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Where mash denotes the mass of ash in the sample, mb is the mass of the original dry sample and ma is the residual 136
mass after torrefaction of the dried sample. Energy yield is defined as the fraction of heating value retained in the 137
biomass samples after the torrefaction treatment. HHV104ÛC means the higher heating value of oven dried (104 ÛC, 138
24 h) biomass. 139
2.6. Equivalent Hardgrove Grindability Index (HGIequiv) 140
Determination of grindability was performed in a standard Hardgrove grinder (3200LB, AUBEMA, Germany) 141
pursuant to the ASTM D 409-51 (1961) standard. The test feed was 50 cm3 with particle size between 0.6-1.18 142
mm. The loading on the top grinding ring was 290 N and the grinding time was 3 min (at a speed of 2.09 rad s-1). 143
After the grinding, the mass of particles passing the sieve of 75 ȝm mesh size was used to calculate the 144
equivalent Hardgrove Index by using Equation (5), which was obtained in our earlier work from the reference 145
coal samples (RUKUZN, supplied by DONG Energy, Denmark) [14]: 146
 
3577.0
2521.5 xHGIequiv                                      (5)                                     147
Where x is the percentage of the ground product passing the 75 ȝm sieve.  148
2.7. Energy consumption during grinding  149
Samples of pine chips (2-8 mm) and pellets (6 mm diameter) were ground in a bench scale disc mill (Kenia, 150
Mahlkönig, Germany) with a screw conveyer feeding system and a disc grinding system. The finest grinding 151
condition was chosen for the grinding tests. The energy consumed was measured using a wattmeter (THII, 152
Denmark) connected to a data logging system (NI USB-6009, National Instruments, USA).  153
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Approximately 50 g sample was fed into the feed hopper and the time required to finish the grinding was 154
recorded along with the energy consumed. The idling energy was measured before the material was introduced. 155
The specific energy required for grinding was determined by integrating the area under the power curve 156
corresponding to the time required to grind the sample minus the idling energy [24,25]. 157
Particle size distributions were then determined by sieving using a sieving tower (mesh size of 75, 125, 250, 500, 158
1000, 1400, 2000, 3150, 5000 μm, Retsch, Germany). The sieving was run for 40 min.   159
2.8. Hygroscopicity 160
3 different saturated solutions were prepared in 3 desiccators below the platform using NaCl, KCl, and KNO3, 161
which gave relative humidity values of 75.5%, 85%, and 92.5% at 25 ÛC, respectively [26,27]. Biomass samples 162
with similar size were selected and packed in one plastic net for each torrefaction temperature. These nets, 163
together with 3 empty nets (which accounted for the net sorption) were then put on the platform in the 164
desiccators, which were placed in a well isolated and temperature monitored water bath. Equilibrium moisture 165
contents (EMC) of the biomass samples were measured about once a week, and they were determined by the 166
increase of the mass in the sample nets subtracting the increase of mass in the reference nets.  167
2.9. Simultaneous thermal analysis-mass spectrometric analysis (STA-MS) 168
Torrefaction tests were also carried out using a simultaneous thermogravimetric analyzer (STA 409, NETZSCH, 169
Germany) in the TGA/DSC configuration. Biomass samples were milled and particles smaller than 90 μm were 170
collected and dried in an oven at 104 ȗC. Approximately 10 mg of sample was placed in an aluminum oxide 171
crucible on the microbalance and heated at 10 ÛC min-1 under nitrogen (50 cm3 min-1) to a final temperature of 172
300 ÛC and kept at this temperature for 1 h. Evolved gasses were analyzed in situ by a quadruple mass 173
spectrometer (QMS 403 C, NETZSCH, Germany) connected to the STA. In order to prevent condensation of the 174
evolved gas, the transfer line and inlet system of QMS was kept at about 300 ÛC. A small portion of the evolved 175
gas (together with the purge gas) was led to the ion source of the mass spectrometer, since the pressure drops 176
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from atmospheric pressure in the STA down to high vacuum in the QMS. The ion curves close to the noise level 177
were omitted, the intensities of 9 selected ions (m/z = 18, 30, 31, 43, 44, 45, 46, 58, 60) were monitored with the 178
thermogravimetric parameters as functions of time. MS intensities were normalized to the initial sample mass, 179
before the background was subtracted [18,28]. In order to compare the relative intensity of gas products for 180
different samples, the signals were further normalized by the maximum of the total intensity current (TIC) of the 181
experiment [29].  182
3. Results and discussion 183
3.1 Weight loss and heating value at different torrefaction temperatures 184
The three biomass fuels have similar proximate analyses, as listed in Table 1. Results of the sugar composition in 185
the cell walls for both untorrefied biomass and biomass torrefied at 300 ÛC are shown in Table 2.Different 186
monosaccharides were chosen for the determination due to the different biomass species. For wheat straw, 187
hemicelluloses are mainly consisting of a (1ĺ4)-linked ȕ-D-xylan with D-glucopyranosyluronic acid (or 4-O-188
methyl-Į-D-glucopyranosyluronic acid) groups attached at position 2, and L-arabionfuranosyl and D-189
xylopyranosyl groups attached at position 3 [30]. Hence, only xylose and arabinose were chosen. Glucose is 190
mainly contributed by cellulose; however, it is likely that a small amount of glucose is also present in the 191
hemicelluloses, but this has not been taken into account in this work. It can be seen that the hemicelluloses were 192
totally degraded when torrefied at 300 ÛC (for 2 h) for all 3 biomass species, and cellulose was also strongly 193
degraded under these torrefaction conditions.  194
Table 1: Proximate analyses of biomass samples. 195
Moisture, % Volatiles, % Fixed carbon, % Ash, % 
Wheat straw 1.35 ± 0.07 74.78 ± 0.59 19.23 ± 0.66 4.64 ± 0.09 
Wood chips 1.06 ± 0.03 82.43 ± 0.44 15.26 ± 0.41 1.25 ± 0.01 
Wood pellets 1.52 ± 0.07 78.65 ± 0.47 19.17 ± 0.40 0.66 ± 0.01 
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Table 2: Mass fraction of cell wall compositions in both oven dried biomass and biomass torrefied at 300 Ԩ for 2 h on dry 196
material basis (d.b.). 197
Glucose Xylose Galactose Mannose Arabinose
Acid insoluble 
fraction Ash  
Mass 
yield 
Wheat straw  34.0 23.4 NDa ND 3.1 20.3 4.6 100 
Wheat straw 300 ÛC 0.9 0.3 ND ND 0.0 86.5 12.1 44.5 
Wood pellet  40.5 4.2 2.4 9.8 2.2 32.2 0.7 100 
Wood pellet 300 ÛC 0.2 0.0 0.0 0.0 0.0 98.8 1.1 48.6 
Wood chips  42.8 6.9 5.3 3.7 0.0 27.5 1.3 100 
Wood chips 300 ÛC 13.0 0.0 0.0 0.0 0.0 84.6 1.6 53.6 
aND,notdetermined

As shown in Figure 1, higher torrefaction temperature resulted in higher anhydrous weight loss (AWL) and 198
HHV. On dry and ash free basis, HHV of Scots pine pellets and pine chips are very close, and HHV of wheat 199
straw is always about 0.8 MJ kg-1 lower than the value of pellets and chips at the same AWL. This is in 200
agreement with the experimental results from Prins et al. [31], where straw had the lowest heating value 201
compared to willow, larch and beech, both untreated and at a torrefaction temperature of 250 ÛC. Energy yields 202
of the three biomass species as a function of AWL are also plotted in Figure 1. It is interesting to see that the 203
fraction of energy retained in the torrefied sample as a function of the mass loss is very close to each other for 204
the tested biomass species. It means that the same mass loss during torrefaction corresponds to a similar fraction 205
of energy loss in the samples during torrefaction for the tested biomass.  206
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 207
Figure 1: Higher heating value (HHV) for wheat straw (Ɣ), Scots pine pellets (Ŷ) pine chips (Ÿ), and energy yield for wheat straw 208
(+), Scots pine pellets (-), pine chips (×) vs. anhydrous weight loss (AWL, 0% AWL represents oven dried samples) on dry and ash 209
free basis (daf). 210
3.2 Equivalent Hardgrove Grindability Index (HGIequiv)  211
Figure 2 shows significant improvement in grindability with increased torrefaction temperature for wheat straw 212
and pine chips; while pellets show very little improvement. In order to achieve similar grindability as wet coal, a 213
torrefaction temperature of about 240 ȗC is needed for wheat straw and pine chips, while for pellets 290 ȗC is 214
required. Below 220 ÛC the grindability of the pellets is almost the same as for pine chips. Above 220 ȗC, the 215
grindability of chips and straw increases dramatically, while pellet grindability improves very modestly. 216
 Based on the HGI results, the grindability of pine chips is almost as good as wheat straw. However, if one takes 217
a look at the particle size distribution results in Figure 3, wheat straw samples have a much higher percentage of 218
fines in the range of 75 to 250 μm compared to pine chips. Therefore particle size distribution measurement is a 219
necessary complement to the HGI test. 220
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 221
Figure 2: Results of Hardgrove grindability test for oven dried biomass (104 ÛC) and biomass torrefied at different temperatures 222
for 2 h (tests were repeated for wheat straw samples torrefied at 300 ÛC), coal in wet and dry conditions were also tested in the 223
Hardgrove grinder as a reference. 224
 225
Figure 3: Particle size distribution analysis after Hardgrove test for oven dried biomass (104 ÛC) and biomass torrefied at 226
different temperatures. 227
3.3 Energy consumption during grinding 228
Contrary to the HGI results, Figure 4 shows thatpine chips consumed more grinding energy than pellets, except 229
for the highest mass loss during torrefaction (about 50% AWL) where energy use in grinding for these two fuels 230
tends to be close. There is a significant difference in creating wood or straw vs. pellets. In pellets, the wood has 231
already been cut into small particles and then compressed together. It would be expected to be easier to 232
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propagate fractures in pellets than in sound cell walls of wood chips. It needs to be noticed that the residence 233
time of torrefaction was different for two materials. Pine chips were torrefied for about 2 h, while pellets were 234
only torrefied for around 1 h. Hence anhydrous weight loss (AWL), which is a parameter to synthesize the effect 235
of torrefaction temperature and duration, is used instead of torrefaction temperature to track the grinding 236
properties.  237
The energy use for grinding pine chips and pellets showed a sharp decrease up to approximately 25% and 10% 238
AWL, respectively. Therefore, these two mass loss fractions can be suggested as the optimal torrefaction 239
conditions to achieve the maximum energy saving during grinding while maintaining as much energy yield as 240
possible. Comparing the results in this study with our earlier work [11], in which the energy consumption of 241
torrefied pellets was measured in the same disc mill but at the coarsest setting, it can be concluded that grinding 242
at the finest setting requires ten times as much energy as at the coarsest setting. An exponential decrease of 243
grinding energy with torrefaction was observed for both coarse and fine grinding. 244
 245
Figure 4: The specific energy required for grinding pellets (torrefied at 230, 250, and 270 ÛC for ca. 1 h) and pine chips (torrefied 246
at 200, 250, 275 and 300 ÛC for ca. 2 h) vs. anhydrous weight loss (AWL, 0% AWL represents original pellets and oven dried 247
chips). The grinding energy of a reference coal sample (RUKUZN, in size range of 2-7.1 mm, oven dried at 104 ÛC overnight) was 248
determined with the same procedure, and it was 25 J g-1. 249
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Particle size distribution analysis was also done for the samples after the grinding energy measurement (Figure 250
5). Consistent with the HGI results, torrefied pine chips ended up with much higher fraction of fines (75 μm) 251
than pellets after grinding and the higher the torrefaction temperature, the higher the percentage of fines. 252
However, increasing torrefaction temperature from 230 to 270 ÛC seems not to improve the particle size 253
distribution of pellets significantly, which is in agreement with the energy consumption results.  254
 255
Figure 5:  Particle size distribution analysis for oven dried pine chips (noted as ‘104 ÛC’) and original Scots pine pellets (noted as 256
‘Ref’) and these two biomass torrefied at different temperatures after grinding. 257
3.4 Hygroscopicity 258
Biomass becomes darker with increasing torrefaction temperature, and the biomass has lost its shiny surface and 259
smoothness, especially for pellets torrefied at temperatures higher than 260 ÛC and pine chips torrefied at 300 ÛC. 260
Wheat straw torrefied at 280 ÛC and above became extremely brittle, which led to inaccuracy when determining 261
the EMC.  262
When the relative humidity was increased, EMC of all samples increased correspondingly. Samples pre-treated 263
at higher torrefaction temperatures absorbed less moisture, although this trend was disturbed for wheat straw 264
torrefied at the highest temperature, due to the experimental error. As shown in Figure 6, EMC of torrefied 265
samples can be reduced by about 5-10%, 7-12% and 13-20% under 75.5%, 85% and 92.5% relative humidity, 266
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respectively. All three biomass samples exhibited similar EMC under a relative humidity of 75.5%. However, 267
when the relative humidity was higher than 75.5% wheat straw samples absorbed most moisture; while Scots 268
pine pellets and pine chips seemed to have similar EMC in most cases. A similar conclusion was also drawn by 269
Reza et al.[32] stating that ‘the pelletization process apparently does not affect the EMC’.  270
The results shown in Figure 6 were recorded 50 days after the samples were placed at the different relative 271
humidities. For all samples, it took longer to reach the EMC at higher relative humidities. For humidities ranging 272
from 75.5% to 92.5%, it took about 10 to 20 days to reach the EMC, respectively. No special extension of 273
reaching EMC was observed for pellets compared to other 2 biomass, which is in contrast with the results from 274
Reza et al. [32]. One likely reason is that torrefied pellets (in this study) are different from pellets made by 275
compressing torrefied wood (as studied in [32]). Gases formed during torrefaction left the pellets and generated 276
empty sites in the pellets. Therefore the resistance to moisture diffusion in torrefied Scots pine pellets was not as 277
strong as in the pellets compressed from torrefied wood.   278
 279
Figure 6: Equilibrium moisture content (EMC, on dry basis) for 3 kinds of biomass torrerfied at different temperatures 280
(temperature at 104 ÛC means oven dried samples) under 3 relative humidities. 281
3.2 Simultaneous thermogravimetric analysis-mass spectrometric analysis (STA-MS) 282
The DTG profile shown in Figure 7 (a) is representative of the fraction of mass loss per minute. A small 283
shoulder can be seen for wheat straw at 278 ÛC, this is probably related to the degradation of hemicelluloses. The 284
main peak at 293 ÛC is mainly related to the decomposition of cellulose [33,34]. The corresponding peak for pine 285
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chips and pellets was found at 307 ÛC. This indicates that the thermal decomposition of wheat straw starts at a 286
lower temperature and proceeds at a higher rate than the decomposition of pine chips and pellets, which may 287
explain the better grindability of wheat straw compared to other two species when torrefied at same temperature 288
as observed in HGI test and particle size distribution analysis. Furthermore, the reason of such difference could 289
be related to the high ash content in wheat straw compared to the other two fuels, since inorganic salts lower the 290
decomposition temperature of lignocellulosic materials [35]. 291
 292
Figure 7: (a) Temperature profile and first derivative of weight loss (DTG) curve during torrefaction of pine chips, Scots pine 293
pellets and wheat straw; derivative weight loss (DTG) curve and MS (18 water, 30 formaldehyde, 31 methanol, 43 acetic acid, 44 294
carbon dioxide, 45 lactic acid, 46 formic acid) relative intensity of main gases evolved during torrefaction of wheat straw (b), pine 295
chips (c), and pellets (d). 296
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Table 3: Integrated peak areas of the gaseous compounds evolved during torrefaction of three biomass fuels. 297
m/z Assignation 
Integrated relative intensity peak areas ×105 (min mg-1) 
Wood chips Wood pellets Wheat straw 
18 H2O 597.9 299.8 568.2 
30 HCHO 67.8 12.0 37.7 
31 CH4O 447.8 11.4 205.2 
43 CH3COOH 9.4 5.9 12.0 
44 CO2 286.4 119.3 310.1 
45 C3H6O3 5.1 2.5 6.3 
46 HCOOH 2.0 0.8 2.8 
58 C3H6O 0.7 0.4 0.9 
60 COS 0.7 0.3 1.0 
Table 3 shows the most characteristic m/z signals and the assigned compounds. In order to make a quantitative 298
comparison of gas products released from different biomass species during torrefaction, integral subtended by 299
the relative intensity of MS curves for different kinds of biomass have been calculated. Gas products during 300
torrefaction of pine chips, Scots pine pellets and wheat straw detected by MS were water (m/z 18), formaldehyde 301
(m/z 30), methanol (m/z 31), acetic acid (m/z 43), carbon dioxide (m/z 44), lactic acid (m/z 45), formic acid (m/z 302
46); traces of acetone (m/z 58) and carbonyl sulfide (m/z 60) were also found at the torrefaction temperature of 303
300 ÛC. Because N2 was used as purge gas, it was not possible to distinguish CO (m/z 28) in this study. Generally, 304
pellets released the least gas among these 3 kinds of biomass.  Wheat straw released more acetic acid, formic 305
acid, lactic acid, acetone, carbonyl sulfide and CO2 than pine chips. On the other hand, pine chips produced more 306
water, formaldehyde, and methanol than wheat straw and pellets. 307
Figure 7 (b), (c), (d) compare the derivative weight loss curve with the MS relative intensity profiles of gaseous 308
species released as a function of time for the three biomass fuels.  The evolution of gas products started almost 309
simultaneously when temperature reached about 200 ÛC. In agreement with the literature [36,37], the dominant 310
product is water for all three biomass.  The shape of most MS profiles resembles that of the DTG curves, except 311
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for methanol (m/z 31). More than half of the methanol was evolved after 30 min and the evolution lasted until 312
almost the end of the torrefaction. This phenomenon is most pronounced for pine chips.   313
4. Conclusion  314
Wheat straw had the highest ash content (4.6%) while Scots pine pellets had the lowest content (0.7%) on a dry 315
basis.  Pellets and pine chips showed similar heating values and weight loss characteristics during torrefaction. 316
On a dry and ash free basis, the higher heating value (HHV) of  the two fuels increased from about 20 MJ kg-1 317
for oven dried samples to 29 – 30 MJ kg-1 for samples torrefied at 300 ÛC, and the corresponding mass losses 318
during torrefaction were around 50%. For wheat straw, The HHV was always about 0.8 MJ kg-1 lower than the 319
values for the other two fuels. The correlation between mass loss and energy loss is very similar for the three 320
tested biomass fuels. The chemical analysis showed that hemicelluloses were significantly degraded from all 321
three biomass species after being torrefied at 300 ÛC for 2 h, and cellulose was also strongly degraded at such 322
torrefaction conditions.  323
The grindability of torrefied pellets was not improved to a satisfying level. It only reached same HGI level as 324
wet coal at torrefaction temperature of about 290 ÛC. The grindability of wheat straw showed the best response 325
to the torrefaction treatment. In order to achieve similar grindability as coal, a medium torrefaction temperature 326
(240 – 260 ÛC) is enough for wheat straw and pine chips. By comparing the HGI and energy consumption results, 327
it can be concluded that it requires more energy to grind small particles (e.g. 0.6-1.18 mm) in pellets than chips 328
and torrefaction affects the grinding of these small particles less than larger particles. Thus HGI is a useful 329
method to estimate the amount of fine particles after grinding under similar conditions, but does not predict the 330
level of energy use during grinding in real situation, where feedstock is usually in larger particle size. In this case, 331
large energy reductions were observed when grinding both torrefied pine chips and pellets in a bench scale disc 332
mill, especially up to 25% and 10% mass loss during torrefaction, respectively.  333
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The hygroscopicity study showed that samples torrefied at higher temperatures absorbed less moisture. The 334
equilibrium moisture content (EMC) of torrefied samples can be about 5% to 20% less than the untreated 335
samples under relative humidities ranging from 75.5% to 92.5%.  By comparing the cumulative release of gas 336
products during the whole torrefaction reaction for the three tested biomass fuels, it can be concluded that pellets 337
released the lowest amount of gas. Wheat straw released more acetic acid, formic acid, lactic acid, acetone, 338
carbonyl sulfide and CO2 than pine chips. Pine chips produced more water, formaldehyde, and methanol than 339
wheat straw and pellets.  340
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a b s t r a c t
Torrefaction is a thermo-chemical conversion process improving the handling, storage and
combustion properties of wood. To save storage space and transportation costs, it can be
compressed into fuel pellets of high physical and energetic density. The resulting pellets
are relatively resistant to moisture uptake, microbiological decay and easy to comminute
into small particles. The present study focused on the pelletizing properties of spruce
torreﬁed at 250, 275 and 300 C. The changes in composition were characterized by infrared
spectroscopy and chemical analysis. The pelletizing properties were determined using
a single pellet press and pellet stability was determined by compression testing. The
bonding mechanism in the pellets was studied by fracture surface analysis using scanning
electron microscopy. The composition of the wood changed drastically under torrefaction,
with hemicelluloses being most sensitive to thermal degradation. The chemical changes
had a negative impact, both on the pelletizing process and the pellet properties. Torre-
faction resulted in higher friction in the press channel of the pellet press and low
compression strength of the pellets. Fracture surface analysis revealed a cohesive failure
mechanism due to strong inter-particle bonding in spruce pellets as a resulting from
a plastic ﬂow of the amorphous wood polymers, forming solid polymer bridges between
adjacent particles. Fracture surfaces of pellets made from torreﬁed spruce possessed gaps
and voids between adjacent particles due to a spring back effect after pelletization. They
showed no signs of inter-particle polymer bridges indicating that bonding is likely limited
to Van der Waals forces and mechanical ﬁber interlocking.
ª 2011 Elsevier Ltd. All rights reserved.
1. Introduction
The utilization of wood and agricultural biomass residues for
sustainable heat and power production is an important part
of future energy concepts [1]. One of the major challenges of
biomass utilization for heat and power production is its
unfavorable handling properties. Biomass is a bulky and
inhomogeneous material, making it both difﬁcult and
expensive to store and transport. Furthermore, it is difﬁcult
to comminute into small particles and has a relatively low
energy density (compared to fossil fuels) and high moisture
contents. An ancient process to improve the combustion
properties of wood is the manufacturing of charcoal,
resulting in a product that burns at higher temperature, is
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easier to ignite, and can be stored easier due to its better
moisture resistance. Nevertheless, charcoal contains only
20e55% of the raw material’s energy content, depending on
how well the process is carried out [2]. Torrefaction is an
advance of this process, in which wood is roasted under
controlled conditions (heating rate, temperature, time) in an
inert atmosphere, retaining most of its energy [3]. The
process results in an attractive fuel, with improved heating
value, low moisture content and ease of size reduction [4].
Torrefaction is usually carried out between 230 and 300 C [5]
and removes moisture, carbon dioxide and volatiles from the
biomass. Volatiles such as hydroxymethylfurfural, furfural
and aldehydes are formed during the dehydration and
decarboxylation reactions of the long polysaccharide chains
[6]. The oxygen-to-carbon ratio is lowered signiﬁcantly and
the energy density of the biomass is increased, making it an
ideal fuel for gasiﬁcation processes where high oxygen
contents are disadvantageous [7]. The value of torreﬁed
biomass can be further improved by mechanical compres-
sion into pellets of high physical and energetic density [8].
The pelletization of biomass reduces its handling costs and
results in a solid fuel of standardized shape and size that can
be fed automatically in industrial and household size boilers
being used for heat and power production. At present, there
is a solid interest for utilizing torreﬁed wood pellets in
existing large-scale combined heat and power (CHP) plants
to replace coal with a biofuel without major changes in the
power plant design [9].
The global production of fuel pellets from biomass was
estimated to be about 13 Mt in 2009 with strong growth rates,
and it is expected that Europe alone will reach a consumption
of 50million tons per year by the year 2020 [10]. Consequently,
the variety of raw materials used for pellet production has
greatly increased in recent years and is expected to further
increase in the future. The production of mixed biomass
pellets produced from many different agricultural and
forestry residues is increasing [11]. Biomass composition has
a great effect on the pellet quality [12] and the pelletizing
process itself [13].
Few studies have been published on using thermally pre-
treated biomass in the pelletizing process [14,15] but to the
best of the authors knowledge none have so far studied in
detail the impact of thermal degradation of the wood poly-
mers on the pellet quality and integrity. In the present work,
pellets were produced from Norway spruce and after torre-
faction at 250, 275 and 300 C. The chemical changes after
torrefaction were investigated and their effect on the friction
in the press channel of a pellet mill was studied using a labo-
ratory scale single pellet press unit. The pellet stability was
determined by compression testing and the internal bonding
of the pellets was studied by fracture surface analysis using
scanning electron microscopy (SEM).
2. Experimental
2.1. Materials
The raw material used in this study was Norway spruce (Picea
abies K), harvested in southern Sweden (Ska˚ne/Sma˚land)
during 2007. Wood stems were collected in autumn, debarked
and comminuted into wood chips. The material was dried in
a warehouse by free air circulation for four weeks and further
chopped into particles < 5 mm in diameter using a hammer
mill (Model 55, Jensen and Sommer Aps, Denmark). The
material was packed in paper bags permeable to air and
moisture and stored for 24 month in a dry storage. The used
samples had a particle size between 1 and 2.8 mm and the
mass fraction of water was about 8.2%.
2.2. Torrefaction
A lab scale torrefaction unit was constructed and built for this
research similar to the one developed by Pimchuai et al. [5]. A
metal box with a volume of about 2 L and two openings (5 mm
in diameter) for nitrogen inlet and gas outlet was used as
reactor. The box was installed in a programmable mufﬂe
furnace (S90, Lyngbyoven, Denmark) and connected to
a nitrogen cylinder with pressure and ﬂow regulator, water
seal valve and ﬁttings and pipes for gas inlet, outlet and
temperature sensors. A temperature sensor (iron-constantan
thermocouple) was installed in the center of themetal reactor
and connected to a thermometer (52 kJ, John Fluke, USA) and
a computer system controlling the heating of the oven. A
torrefaction time of two hours and maximum temperature
(Tmax) of 250, 275 and 300 C have been chosen according to
Pimchuai et al. [5].
About 450 g of wood particles were weighed in and sealed
in the metal box. The box was put in the oven and heated at
a rate of 2 C min1 until Tmax was reached and kept constant
for 2 h. Afterward the oven was switched off and the samples
were allowed to cool. Nitrogen was ﬂushed through the box at
a rate of 0.5 L min1 until the samples were cooled to ambient
conditions. Dry weight was determined before and after tor-
refaction and was used to calculate the mass loss. The torre-
ﬁed samples were conditioned in climate chambers at 27 C at
65, 80 or 90% relative humidity until a constant weight was
reached. The samples were termed T250, T275 and T300
according to the Tmax reached during torrefaction.
2.3. Attenuated total reﬂectance infrared spectroscopy
(ATR-FTIR)
ATR-FTIR spectra of the pellet fracture surfaces were recorded
at 30 C using a Fourier transform infrared spectrometer
(Nicolet 6700 FT-IR, Thermo Electron Corporation, USA),
equipped with a temperature-adjustable ATR accessory
(Smart Golden Gate diamond ATR accessory, Thermo Electron
Corporation, USA). Samples were dried at 105 C for 4 h and
stored in airtight containers until used for testing. Aminimum
of ﬁve measurements per sample was performed. To ensure
good contact, all hard, solid samples were pressed against the
diamond surface using ametal rod and consistentmechanical
pressure. All spectra were obtained with 200 scans for the
background (air), 100 scans for the sample and with a resolu-
tion of 4 cm1 from 500 to 4000 cm1. Spectrawere normalized
at around 760e790 nm where the spectra were free of any
distinct IR bands.
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2.4. Biomass characterization
A ﬁber analysis to study the biomass composition (cellulose,
lignin, hemicelluloses and ash content) was conducted
according to the procedure used by Davis et al. [16] and can be
summarized as follows. About 10 g per sample were milled to
pass through a screen with a mesh size of 0.84 mm and then
vacuum-dried at 45 C. Approximately 100 mg sample were
hydrolyzed in 1 mL sulfuric acid (13.5 mol L1) for 1 h at 30 C.
The samples were diluted to a sulfuric acid concentration of
0.75mol L1 by adding distilled water. Fucose was added as an
internal standard, and a secondary hydrolysis was performed
for 1 h at 121 C. To control for sugar degradation during
secondary hydrolysis, a standard mixture of sugars was
hydrolyzed in parallel with each batch of samples. Material
loss during primary hydrolysis was minimal and therefore
ignored. The following secondary hydrolysis samples were
immediately ﬁltered through tared Gooch porcelain crucibles
containing glass ﬁber ﬁlters (934-AH, Whatman, USA). The
ﬁltrate and three washes with 5 mL distilled water were
collected in 100 mL volumetric ﬂasks and brought to volume
with water. The acid-insoluble residue (Klason lignin and
insoluble degradation products) was washed for additional six
times with 10 mL hot distilled water and its weight deter-
mined gravimetrically. Klason lignin values were corrected for
ash content by gravimetric measurement following incuba-
tion of the lignin at 575 C for > 3 h. Sugar contents of the
hydrolyzates were determined by anion exchange high
performance liquid chromatography using pulsed ampero-
metric detection. After ﬁltration through 0.45 mm PTFE
membranes, acid hydrolyzates (sulfuric acid concentrations
ranging between 0.2 and 0.75 mol L1) were injected with no
further treatment. The chromatographic system consists of
an autosampler (AS50, Dionex, USA) a quaternary gradient
high pressure pump (GS50, Dionex, USA), and a pulsed
amperometric detector (ED50, Dionex, USA). Sugar separation
was achieved with guard and analytical columns (Carbo-Pac
PA1, Dionex, USA) connected in series. Sugars were eluted
with distilled water at a ﬂow rate of 1.1 mL min1 and
a temperature of 18 C. For detection, sodium hydroxide
solution (0.3 mol L1) as added as a post-column reagent at
a ﬂow rate of ca. 0.3 mL min1. Prior to each injection, the
anion exchange columns were conditioned with 400 mL
sodium acetate solutions 0.24 mol L1 and then equilibrated
with distilled water. Sugars were quantitated using an
internal standard method. Results are reported in terms of
percent of the original sample mass dry matter.
Moisture uptake was studied by spreading 5 g of each
material ona trayandconditioning inclimatechambers (USDA
Forest products lab, USA) at 27 C and a relative moisture
content of 65, 80 and 90%. Equilibrium moisture content was
determined after the weight of the sample was constant for
threedays ina row.Themoisturecontentwascalculatedbased
on weight loss after oven drying the material for 8 h at 105 C.
2.5. Pellet preparation and determination of pelletizing
pressure Px in the channel of the pellet press
The pellets were prepared as described in [12], using a single
pellet press (invented and constructed at the workshop of the
Technical University of Denmark, Denmark). The press con-
sisted of a cylindrical die 7.8 mm in diameter, made of hard-
ened steel, lagged with heating elements and thermal
insulation. The temperature was controlled using a thermo-
couple connected to a control unit. The end of the die was
closed using a removable backstop. Pressure was applied
using a metal piston. The entire pellet press was mounted in
a material test system (MTS 810 Material Test system, MT
Systems Corporation, USA) so that piston movement could be
controlled and the force could be measured using a 100 kN
load cell. The die was rinsed with acetone, and wiped clean
using a paper towel before each use, and when changing raw
materials. To simulate the pelletizing process within
a commercial pellet mill, the pellet had to be built up in
sequential layers [17]. The die was heated to 100 C. Spruce
and torreﬁed spruce particles equilibrated at 65% relative
humidity (see Fig. 3 for moisture content) were loaded step-
wise in amounts less than 0.25 g into the unit, and then
compressed at a rate of 2mms1 until amaximumpressure of
200 MPa was reached. The pressure was released after ﬁve
seconds, the piston removed, and more biomass was loaded
and compressed until the pellet had a length of about 16 mm.
This results in a layered structure, similar to pellets obtained
by commercial units, although there are some differences.
The most signiﬁcant difference is that the lower part of the
pellet is pressed repeatedly, and the upper layers are pressed
fewer times, with the top layer being pressed only once. For
determination of pelletizing pressure in the press channel of
the pellet mill, Px, the pellets were removed from the die by
removing the backstop and pushing out the pellet at a rate of
2 mm s1. The applied maximum force was logged and Px was
calculated based on the pellet surface area.
2.6. Determination of pellet strength
The internal strength of the manufactured pellets was
analyzed by compression testing and determined as the force
at break. Pellets 16mm (1mm) in length and between 7.9 and
8.2 mm in diameter were produced in the single pellet press,
stored at a relative humidity of 50% and 20 C for three weeks,
and tested under the same conditions. The pellets were placed
on their side (the pellet’s cylindrical shape oriented horizon-
tally) in the same material tester as was used for pellet prep-
aration. Compression tests were performed using a disc
shaped metal probe with a ball bearing of 50 mm in diameter
and attached to a 100 kN load cell. The test was run at
a compression rate of 20 mm min1 and was stopped after
pellet failure. The average force at break and its standard
deviation were calculated based on 5 replications per test
condition.
2.7. Scanning electron microscopy (SEM)
SEM was used to study the bonding mechanism of the
prepared biomass pellets by fracture surface analysis of failed
pellets. The compression test resulted in total disintegration
of the pellets, and therefore fracture surfaces were prepared
by manually breaking a pellet into two parts. Care was taken
to replicate the way each pellet was broken and that it took
place in the same region. A tiny notch was cut in the center of
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the pellet using a razor blade, and the pellets were snapped
into two. Carewas taken to examine the fracture surface away
from the notch. The two halves of the fractured pellet were
attached to metal stubs using a conductive silver paste
(Conductive silver paste plus, SPI Supplies, USA) that was
carefully applied below and around the sample to prevent
electric charging of the specimen. The upper surface was
coated with a thin layer of gold using a sputter coater (Desk-1
sputter coater, Denton, USA). Electron micrographs were
recorded using a scanning electron microscope (LEO EVO 40
SEM, Carl Zeiss, Germany) operated at 5e15 kV. Multiple
samples were observed for each type of pellet and represen-
tative images were selected for each sample type.
2.8. Pellet density
The obtained pellets were stored at 50% relative humidity at
20 C for one month. The unit density of the pellets was
calculated by determination of the pellets weight and
dimensions for at least 5 samples for pellets pressed at each
condition.
3. Results and discussion
The torrefaction of spruce at 250, 275 and 300 C resulted in
three products of light brown, dark brown and black color as
shown in Fig. 1. The color change is mainly attributed to
chemical changes of the lignin, i.e. the formation of chroma-
phoric groups, mainly the increase of carbonyl groups [18].
The loss of dry matter (anhydrous weight loss) through vola-
tilization during torrefaction was 25% at 250 C, 34% at 275 C
and 53% at 300 C.
The chemical analysis of the torreﬁed spruce shows
a strong decrease of hemicellulose and cellulose content and
is attributed to the thermal degradation of the carbohydrate
polymers into volatile compounds and the evaporation of
water and carbon dioxide [19]. Hemicelluloses are well known
to undergo a two step thermal degradation where light vola-
tiles i.e. mono and polysaccharides, followed by their catalytic
degradation into CO and CO2 [20]. Lignin undergoes depoly-
merization, mainly b-aryl-ether linkages and re-condensation
reactions that lower its average molecular weight [6]. The
relative increase in the acid-insoluble fraction with torre-
faction temperature is likely due to both the volatilization of
some of the carbohydrate fraction as well as the formation of
acid-insoluble degradation products from them [21]. For
example, cellulose can undergo scission reactions with
aromatization and cross-linking, resulting in an insoluble
solid [22].
The chemical changes occurring during torrefaction have
been studied using ATR-FTIR-spectroscopy and the results are
shown in Fig. 2.
The IR spectra of spruce and torreﬁed spruce at 250 and
275 C have several features in common, while the spectra of
spruce torreﬁed at 300 C has very different characteristics.
The broad band in the OH stretching vibration region at about
3600e3200 cm1 is due to intra- and inter molecular hydrogen
bonds and bands characteristic of crystalline cellulose
[23e25]. The intensity of these bands decreases with
increasing torrefaction temperature and has almost dis-
appeared at 300 C. This indicates that the torreﬁed material
contains less water and hydrogen bonding sites due to the
degradation of hemicelluloses and cellulose, which is sup-
ported by the chemical analysis data (Table 1). A lignin
vibration can be found at about 1269 cm1 (the aromatic C-O
stretching of methoxyl and phenyl propane units) and at
1516 cm1 and 1508 cm1 (C]C aromatic ring vibrations)
[23,26,27].These bands were present in the raw material and
after treatment at 250 and 275 C at same intensity but has
disappeared after treatment at 300 C, this suggests that the
lignin, to large extent, has been degraded at this high
temperature. Vibrations at about 1735 cm1 are related to
C]O stretching vibrations of the carboxylic acids of hemi-
celluloses (i.e. xyloglucan, arabinoglucuronoxylan and gal-
actoglucomannan) [23,28]. This vibration is only present in the
raw material. The torreﬁed samples show a band at about
1700 cm1 which is attributed to a degradation product
formed during the torrefaction. This indicates that hemi-
celluloses are degrading already at 250 C, which agrees with
the chemical analysis data (Table 1). The band at 1160 cm1 is
celluloses antisymmetric stretching of CeOeC glycosidic
linkages [29] its intensity is strongest for untreated spruce and
decreases with increasing torrefaction temperature. The band
is not present at 300 C, which indicates that most cellulose
has degraded at this temperature.
Fig. 1 e Color change during the torrefaction process. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Torrefaction has been reported to have a strong effect on
the mechanical stability and combustion properties of
biomass [2e4].
Since the IR data has shown that most of the hydrogen-
bonding hydroxyl groups have been removed during torre-
faction, the moisture uptake of torreﬁed biomass is expected
to decrease. The results presented in Fig. 3 show that the
spruce absorbed twice as much water as it did after torre-
faction at 250 C. The ability to absorb water decreased further
after the 275 and 300 C treatment.
There are three different types of boundwater inwood [30].
Non-freezing bound water is speciﬁcally bound to the hydroxyl
groups of the wood polymers, especially the hemicelluloses.
Freezing bound water is loosely bound to hydroxyl groups
organized in clusters and can be found at high humidity in
nanovoids and on the wall lining of macro- and microvoids.
Free water is held in macro- and microvoids and bound by
capillary forces but not to speciﬁc sorption sites. Since hemi-
celluloses are degraded during the heat treatment and most
hydroxyl groups are removed, it is likely that water in torreﬁed
wood ismainly bound as freewater inmacro- andmicro-sized
voids where it is held in place by capillary forces. This
supports the observation, made during this study, that torre-
ﬁed wood reaches equilibrium moisture content much faster
than untreated wood.
The differences in composition and water content have
also a strong effect on the pelletizing properties for spruce and
the torreﬁed spruce. The pelletizing pressure in the press
channel of the pellet mill (Px) is a crucial parameter in pellet-
izing processes in terms of process energy consumption and
pellet quality [15,31].
Px increases drastically when comparing spruce and tor-
reﬁed spruce (Fig. 4). This increase is most likely attributed to
the lack of water and low hemicelluloses content in the tor-
reﬁed spruce. Water acts as a plasticizer, lowering the
Fig. 2 e ATR-FTIR spectra of dry spruce and torreﬁed spruce at 250,275 and 300 C. For better comparability, the scale of the
y-axis was adjusted.
Fig. 3 e Moisture content of spruce and torreﬁed spruce
after three weeks storage at 27 C and 65, 80 and 90%
relative humidity.
Table 1 e Composition of spruce and spruce torreﬁed at
250 C (T250), 275 C (T275) and 300 C (T300) in
percentage of total dry matter (average of two replicates).
Cellulose Hemicellulose Acid insoluble
fraction
Ash
Norway
Spruce
43.7 23.3 28.9a 0.1
T250 43.6 6.6 43.2 0.1
T275 32.7 0.7 62.2 0.3
T300 0.2 0.0 99.0 0.6
a In case of spruce the acid insoluble fraction is deﬁned as Klasson
lignin content.
b i om a s s a n d b i o e n e r g y 3 5 ( 2 0 1 1 ) 4 6 9 0e4 6 9 84694
softening temperature of the wood polymers. In nature,
hemicelluloses bind lignin and cellulose ﬁbrils and provides
ﬂexibility in the plant cell wall [32]. Their degradation
embrittles wood, making it easier to comminute into small
particles [4,33]. The degradation of the hemicelluloses, cellu-
lose and the lignin are likely to affect important pelletizing
parameters such as the friction coefﬁcient and Poisson ratio
which are directly correlated to Px [15].
It is likely that extractives are removed during the torre-
faction process. Extractives have been shown to play an
important role during the pelletizing process [12] and are
likely to act as lubricant lowering the friction in the press
channel.
The pellets were very different in their quality (Fig. 5). No
pellets could bemade from spruce torreﬁed at 300 C and even
at 275 C the pellets exhibits many defects. The pellet length
(after onemonth storage) increased with an increasing degree
of torrefaction from 19.3  0.3 mm for spruce pellets to
23.9  1.1 mm for spruce torreﬁed at 250 C and 28.5  1.2 mm
for spruce torreﬁed at 275 C. The unit density decreased with
an increasing torrefaction temperature from 1090  19 kg m3
(untreated spruce) to 832  39 kg m-3 for pellets made from
spruce torreﬁed at 250 C and to 698  30 kg m-3 for pellets
made from material torreﬁed at 275 C. This attributes to
a spring-back effect and is a sign of poor adhesion between the
particles [34].
Fig. 6 shows a strong decrease in pellet compression
strengthasa resultof torrefaction.PelletsmadefromT300were
too weak to be tested. Yildiz et al. [33] have tested the
compression strength of spruce that had been heat treated
between 130 and 200 C for 2e10 h. They found that the
compression strength of their samples decreased both with
treatment time and temperature and concluded that the
strength loss is connected to thedegradationofhemicelluloses.
In an earlier work [12], the bonding and failure mecha-
nisms in fuel pellets made from spruce, beech and straw was
studied by means of fracture surface analysis using SEM. This
method was applied to pellets made from torreﬁed spruce
(Fig. 7).
The low and medium magniﬁcation images show more
inter-particle gaps and voids with increasing torrefaction
temperature, indicating poor adhesion between adjacent
particles and/or spring back effects [12,34,35]. Images taken at
higher magniﬁcation, (Fig. 7c,f and i) provide a deeper insight
into the bonding and failure mechanisms of the pellets. The
failure surface of spruce pellet (Fig. 7c) indicates a cohesive
failure with a high energy absorption. Fiber ends and particles
are sticking out of the surface and few voids are found. This
suggests that lignin and hemicelluloses have exceeded their
glass transition temperatures at the pelletization conditions
(e.g., moisture content, temperature and pressure), allowing
them sufﬁcient mobility to ﬂow into cracks and crevices and
establish solid bridges between adjacent particles. The pellets
from torreﬁedwood, T250 (Fig. 7f) andT275 (Fig. 7i), haveﬂatter
failure surfaces than those of the spruce pellets, indicating
aminimized polymeric ﬂow. The amount of hydrogen binding
sites decreases gradually with the torrefaction temperature
and the torreﬁed biomass contains less moisture, thus both
hydrogen bonding between polymer chains of adjacent parti-
cles and a polymeric ﬂow of the lignin and hemicelluloses
(forming solid bridges) can be assumed less likely to occur.
According to Rumpf [36] who has studied the binding mecha-
nisms in biomass granules and agglomerates it is likely that
Van der Waals forces and ﬁber interlocking remain as the
major forces keeping a pellet together. Since these forces are
weak compared to covalent bonds and hydrogen bonding this
could be an explanation both for the observed spring back
Fig. 4 e Pressure (Px) during the pelletization of spruce and
torreﬁed spruce.
Fig. 5 e Pellets made from spruce and torreﬁed spruce. From left to right: Spruce and torreﬁed spruce at 250, 275 and 300 C.
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effect (Fig. 5) as well as for the low compression strength of
pellets made from torreﬁed spruce (Fig. 6).
It iswell known that a combination of torrefaction time and
temperature determine thedegreeof polymerdegradationand
the mechanical properties of heat treated wood [33,35]. The
mechanical properties of a pellet have been shown to depend
on the one hand on the biomass composition i.e. moisture and
extractives content and on the other hand on the processing
conditions i.e. temperature and pressure [12,37-40]. Since
hemicelluloses and lignin are both subject to thermal degra-
dation during torrefaction and the amount of available
hydrogen bonding sites is reduced, it can be expected that the
pellet strength of torreﬁed pellets is lower compared to pellets
made from untreated spruce. Furthermore, the moisture
content of the torreﬁed wood is lower which results in an
increase in the glass transition temperatures of the remaining
hemicelluloses and lignin [41]. This may reduce the inter-
diffusion of the wood polymers between adjacent particles in
a pellet and thus the formation of solid bridges between them.
The resulting pellets are brittle and less stable than pellets
made from untreated wood. To increase the mechanical
properties of torreﬁed biomass pellets it is necessary to
establish a better bonding between the particles. One possi-
bility is to add an additive that compensates for the lost
bonding sites and ideally binds between the hydrophobic
surface of the biomass and remaining polar groups on the
wood polymer surface such as short fatty acids or mono glyc-
erides. Another option could be to adjust the torrefaction
parameters so that less of the wood polymers are degraded to
Fig. 6 e Compression strength of spruce and torreﬁed
spruce pellets.
Fig. 7 e Low, medium, and high magniﬁcation, respectively, of a pellet fracture surface for spruce (aec), spruce torreﬁed at
250 C (def) and spruce torreﬁed at 275 C (gei).
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ensure sufﬁcient hydroxyl groups on thewood polymer chains
to form strong inter particle bonds. This could be achieved by
shorter treatment time, lower torrefaction temperature,
different torrefactionmedium (e.g. wet torrefaction) or surface
increase (e.g. steam explosion conditions).
The development of a combined torrefaction pelletization
concept requires that both processes are adjusted to each
other. An interesting recent work reports improved mechan-
ical stability and moisture resistance for pellets made from
steam exploded Douglas ﬁr [14] performed at temperatures
between 200 and 220 C for 5e10 min. The water vapor grants
a fast heat transfer and the short treatment time and rela-
tively low temperature (compared to our study) preserves
sufﬁcient amounts of amorphous polymers that can be plas-
ticized during pelletization and form solid inter-particle
bridges.
Future, studies have to investigate the optimal torrefaction
conditions to obtain a raw material that both has the beneﬁ-
cial properties of torreﬁed biomass and also can be pelletized
into stable pellets. Furthermore the impact of raw material
composition on the torrefaction and pelletizing process has to
be investigated.
4. Conclusions
The torrefaction of biomass degrades hemicelluloses, cellu-
lose and lignin and removes moisture from the material. Both
effects have a strong effect on the pelletizing properties of the
biomass. The friction in the press channel of a pellet mill
increases, resulting in high pelletizing pressures which
increase the energy uptake of the mill and might result in
a decrease of capacity and in worst case an overheating (risk
of ﬁre) of a blockage of the mills press channels.
Torrefaction breaks down the carbohydrates and therefore
the ability to establish hydrogen bonds between polymer
chains of adjacent particles can be assumed to be strongly
reduced. The lack of moisture increases the glass transition
temperature of the remaining carbohydrate polymers and
restricts the ability of polymeric ﬂow and the establishment of
solid bridges between particles. There are several options to
overcome this lack of bonding capacity. For example, an
additive with a high bonding capacity could be introduced
after the torrefaction process that would compensate for the
lost hydrogen bonding sites due to torrefaction.
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The purpose of the studywas to investigate the inﬂuence of torrefaction on the quality of Scots pine pellets. Pellet
samples were torreﬁed at 230, 250 and 270 °C for 1 h in nitrogen atmosphere. Higher heating value (HHV) was
increased from 18.37 MJ kg−1 to 24.34 MJ kg−1. The energy to crush a pellet by mechanical compression was
determined using amaterial tester and results showed a rapid decrease before torrefaction temperature reached
250 °C. Slightly further decrease was observed when increasing the temperature up to 270 °C. The strength
loss was conﬁrmed by determining the energy required for grinding the pellet samples in a bench scale disc
mill. Particle size distributionmeasurements after grinding indicated a signiﬁcant increase of small particles
(diameterbca. 1 mm) for torreﬁed pellets at a torrefaction temperature of 230 °C and further increase of tem-
perature resulted in steep decrease of large particles (diameter>ca. 2 mm). To further analyze the effect on
strength, the mechanical durability of pellets was tested according to wood pellet standards, EN 15210-1. The
results have shown a good correlation between pellet durability and compression strength, and indicated that
the pellet durability can be estimated based on compression strength data of about 25 pellets.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Wood pellets are the only solid biofuels which have a global market.
The global production of fuel pellets from biomass was estimated to be
about 13 million tons in 2009 with strong growth rates, and pellet con-
sumption in Europe is expected to reach 50 million tons per year by
2020 [1]. Since pellets are very suitable for long-distance transport,
the pellet price is sensitive to the transportation cost. In case of Canada,
data from 2004 has shown that local transportation, storage and
oversea shipment (for example to Rotterdam harbor) cost 3.2 € GJ−1,
which is more than half of the market price of pellets (5.9 € GJ−1) [2].
As a consequence, high energy density combined with easy handling
properties, i.e. low dust formation, is desired when producing pellets.
The energy density of wood pellets can be increased bymeans of torre-
faction,which is amild temperature (200-300 °C) pretreatment process
of biomass in an inert atmosphere [3]. During the process, the biomass
looseswater and a proportion of its volatile content, becoming dry, brit-
tle and darker in color. Torreﬁed biomass is more hydrophobic, has a
higher caloriﬁc value and is easier to grindwhen compared to untreated
biomass [4,5]. Torrefaction can reduce the energy consumption
required for size reduction up to 70–90% compared to untreated bio-
mass [5]. Nevertheless, it has been shown earlier that torrefaction can
lower the pellets mechanical properties, which might result in prob-
lems during transportation and handling. Therefore it is important to
investigate the changes of mechanical properties induced by torrefac-
tion at different temperatures. European standards such as the ENPlus
set high demands for the pellets mechanical properties i.e. durability
and dust formation. According to a deﬁned test protocol the pellet dura-
bilitymay not fall below97.5% [6],meaning that less than 2.5% dustmay
be formed during the test. Several studies [5,7–10] have been made in-
vestigating the pelletizing properties of torreﬁed biomass. Two studies
made by Stelte et al. [10] and Gilbert et al. [9] indicate that pellet pro-
duction from torreﬁed biomass can be challenging and can result in
problems during processing and pellet quality. It was shown that torre-
faction of biomass increases the friction in the press channel of a pellet
mill and that the manufactured pellets are more brittle and less strong
compared to conventional pellets. However, no studies have been
reported so far for pellets that are torreﬁed subsequent to pelletization.
Wood pellets made from untreated biomass have high mechanical
properties which arise from the thermal softening of lignin, its subse-
quent ﬂow and the formation of what can be referred to as an “entan-
glement network of molten polymers” [11]. The interpenetration of
lignin polymer chains results in strong bonds upon cooling and solid-
iﬁcation of the pellet. The idea behind the present study was to inves-
tigate whether these strong bonds outlast the torrefaction process
and whether this might be a feasible method to produce pellets of a
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high mechanical stability and high energy density. In the present
work, Scots pine pellets were torreﬁed at 230, 250, and 270 °C with
residence time of 1 hour under nitrogen atmosphere. Higher heating
value (HHV) was determined using a bomb calorimeter. The mechan-
ical properties were determined by compression testing, milling in a
bench scale disc mill and durability testing according to a standard
protocol.
2. Material and methods
2.1. Torrefaction of pellets
Scots pine (Pinus sylvestris, L.) pellets, 6 mm in diameter were
supplied by a commercial pellet factory. Samples were dried in the
oven at 104 °C for 24 h, and subsequently placed in an air tight metal
reactor (15×31×10 cm) with a gas in and outlet. The reactor was
placed in an oven (type S 90, Lyngbyovnen, Denmark) and heated up
to the desired torrefaction temperature. The heating rate programmed
for the oven was 6 °C min−1. Nitrogen ﬂow through the reactor was
adjusted to 0.5 L min−1 to create an inert atmosphere. A thermocouple
placed in the middle of the reactor was used for temperature control of
the oven. The residence time of the torrefaction process was started
when the thermocouple inside the reactor has reached the set
temperature. After one hour at the desired temperature the oven was
shut down and the reactor was allowed to cool down. Torrefaction
was carried out at 230, 250, and 270 °C with residence time of 1 hour.
The total weight loss (TWL, %) was determined based on Eq. (1),
where mb is the mass (kg) of original sample before drying and ma is
the mass (kg) of residues after torrefaction.
TWL ¼ 100 1−ma
mb
 
ð1Þ
2.2. Heating value
A bomb calorimeter (6300, Parr Instrument Company, USA) was
used to determine the higher heating value (HHV, MJ kg−1). Initially,
the calorimeter was calibrated using benzoic acid tablets. Samples
were prepared by grinding in a commercial coffee grinder (Kenia,
Mahlkönig, Germany); 1 g of material was placed in the crucible
and ﬁred inside the bomb calorimeter using an ignition wire in the
presence of oxygen. The measurements were repeated 2 times. The
determination of energy loss was based on Eq. (2).
Energyloss ¼ mb  HHVref−ma  HHV
mb  HHVref
 100
¼ 1− HHV
HHVref
 1− TWL
100
 " #
 100 ð2Þ
Where HHVref is the heating value of untreated pellets in the unit
of MJ kg−1.
2.3. Biomass composition
The content of lignin, cellulose and hemicelluloses was determined
according to the ASTM standard E 1758-01 [12], and Kaar et al. [13]. A
representative sample smaller than 1 mm was ﬁrst made soluble in
strong acid (72% H2SO4) at room temperature; and then it was hydro-
lyzed in dilute acid (4% H2SO4) at 121 °C by autoclavation. Hemicellu-
loses and cellulose contents were determined by HPLC analysis of
liberated sugar monomers. Klason lignin content was determined
based on the ﬁlter cake (the residues from the strong acid hydrolysis),
minus the ash content of the ﬁlter cake determined by 550 °C incinerat-
ing for 3 h.
2.4. Pellet compression energy
Pellets were tested individually by compressing between two
smooth metal platens in a material tester (AG250kNx, Shimadzu,
Japan). The pellet was laid horizontally on the lower platen, and the
upper platen was then moved down to compress the pellet. The upper
platen was mounted on a load cell, and run with a compression speed
of 25 mmmin−1. The upper platen traveled to 4.5 mm above the
lower platen before returning to its initial position. As the pellet diame-
terwas 6 mm itmeans that the pelletswere compressed 1.5 mm,which
caused an irreversible deformation (crushing). To quantify the pellet
strength, the force and the corresponding position (displacement) of
the upper plate was logged (10 ms logging interval). The data was
used to calculate the energy required for compressing the pellet. 25
pellets were used for each sample. Prior to compressing, the length
and pellet mass were determined.
2.5. Grinding energy
Energy consumption for grinding pellets was determined using a
commercial coffee grinder (Kenia, Mahlkönig, Germany) with a screw
conveyer feeding system and a disc grinding system, as shown in
Fig. 1. The distance between the two separate discs could be adjusted
manually andwas set tomaximum for all tests. The power consumption
of the coffee grinder in operation was determined using a wattmeter
(THII, Denmark). The meter was connected to a data logging system
(NI USB-6009, National Instruments, USA).
Approximately 200 g pelletsweremanually fed into the feed hopper
while the grinderwas running. The time required to grind the pellet and
the energy used by the grinder were recorded and used for calculating
the speciﬁc energy required for grinding. The idling energy was mea-
sured before the material was introduced. The speciﬁc energy required
for grinding was determined by integrating the area under the power
Fig. 1. Picture of the inside of the coffee grinder.
Table 1
Mass fraction of hemicelluloses, cellulose and lignin in oven dried pellets and pellets
torreﬁed at 300 °C (dry and ash free basis).
Lignin Cellulose Hemicellulose Ash
Oven dried wood pellet 32.5 39.5 20.1 0.7
Wood pellet torreﬁed at 300°C 100.7 0.1 0.0 0.9
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demand curve for the total time required to grind the sample minus
the idling power [14,15]. The energy reduction during grinding was
calculated according to Eq. (3):
energyreduction ¼ ΔE
Eref
 100 ¼ Eref−Esamp
Eref
 100 ð3Þ
where Eref is the speciﬁc energy (J g−1) required for grinding
untreated pellets, Esamp is the speciﬁc energy (J g−1) required for
grinding pellets torreﬁed at different temperatures.
Particle size distributionwas calculated based on sieve separation of
the obtained biomass fraction using a sieve shaker (Retsch, Germany)
with nine different sieves (mesh size of 75, 125, 250, 500, 1000, 1400,
2000, 3150, 5000 μm). The sieve shaker was run for 40 minutes and
the weight of the individual fractions was determined subsequently.
2.6. Standard durability test
The pellet durability was determined according to the EN 15210-1
standard [16], also known as tumbling can test, where a deﬁned mass
of pellets is ﬁlled into a metal container and exposed to impacts by
rotating the containers for a deﬁned period of time. The amount of
ﬁnes formed during this test, is used to quantify the pellet durability.
Prior to the testing, pellets were sieved through a 3.15 mm screen
(round holes) to remove ﬁnes and dust from the samples. The amount
of dust is referred to as ‘dust in sample’, and quantiﬁed as the difference
in weight of the pellet sample before and after sieving, in percent of the
sample before sieving. 500 g dust free pellets were then loaded into the
chamber of the standard durability tester and exposed to 500 rotations
within a time interval of 10 min. The amount of ﬁnes formed during the
test was determined by sieving the treated sample again through the
3.15 mm screen and determination of the weight difference before
and after sieving. The durability value was calculated as the mass frac-
tion of dust free pellets after the treatment in thepellets thatwas loaded
into the tester.
3. Results and discussion
3.1. Torrefaction
The composition of the Scots pine pellets used in this study is listed
in Table 1. Images of untreated pellets (noted as ‘reference’) and pellets
torreﬁed at different temperatures are shown in Fig. 2. The pellets
became darker with an increasing torrefaction temperature and the
pellet surface has lost its shine and smoothness, especially for the pel-
lets torreﬁed at 270 °C. The color change of thermally modiﬁed wood
was studied by González-Peña and Hale [17], and they concluded that
color change is linked to changes in the acid-insoluble lignin substance
rather than in the carbohydrate fraction.
Results for the HHV, ratio between HHV of reference pellets and
torreﬁed pellets, TWL, corresponding energy loss are listed in
Table 2. The results indicate that in case of weight based charging of
transportation fees for pellets about 10–25% of the cost can be saved
by transporting the same amount of heating value of torreﬁed pellets
compared to regular wood pellets. To account for the correlation
between energy loss and weight loss, a second-order polynomial
regression has been made and is shown in Fig. 3. A good correlation
was found between energy loss and weight loss. By increasing torre-
faction temperature from 250 to 270 °C, both weight loss and energy
loss increased sharply. Based on our previous studies of torrefaction
effects on spruce [10] and wheat straw [18] , this is mainly due to
the extensive thermal degradation of hemicelluloses and partial
degradation of cellulose at elevated temperatures. Thus, in order to
preserve energy in the pellets, a torrefaction temperature of about
250 °C might be a critical upper limit.
3.2. Compression energy
Pellet before and after compression in the universal materials test
are illustrated in Fig. 4.
Fig. 5 shows force/displacement curves for compression of 25 ref-
erence pellets. The plots illustrate the position (Displacement, mm) of
the compression platen from 2 mm above the pellet to 5.5 mm, from
where the platen returned to its starting point. It can be seen that the
platen meets the pellet at position 4 mm, where the force increased
as the pellet was crushed. The energy (in J) required for compressing
the pellets to 75% of the initial diameter (4.5 mm vs. 6 mm) was calcu-
lated based on the area under the plots. Since the pellets had different
lengths, the compression energy of the distinct pellets was different.
To account for this, linear regressions of strength (in J) vs. length were
made (see Fig. 6). It can be seen that the longer the pellet, the higher
the energy required for compressing. The regression parameters were
used to predict the strength of a model pellet with the length of
Fig. 2. Images of untreated Scots pine pellets and pellets torreﬁed at different temperatures for 1 h.
Table 2
Data of higher heating value (HHV), total weight loss (TWL on wet basis), energy loss,
and ratio between HHV of untreated pellets and pellets torreﬁed at different tempera-
tures for 1 hour.
Temperature HHV, MJ kg−1 TWLa (w.b.), % Energy loss, % HHVref/HHV
Reference 18.37 (0.01)b 0 0 (0.05) 1
230 °C 20.42 (0.02) 14.8 5.30 (0.10) 0.90
250 °C 21.35 (0.08) 21.3 8.54 (0.35) 0.86
270 °C 24.34 (0.03) 41.9 23.02 (0.09) 0.75
a Pellet samples had a moisture content of 9.8% (w.b.) determined by drying at
104 °C for 24 hours.
b Number enclosed in parenthesis are standard errors of the mean values listed.
Fig. 3. Energy loss vs. total weight loss (TWL) during drying and torrefaction of pellets
torreﬁed at different temperatures.
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15 mm. This strength of compressing single pellet was further con-
verted to weight based strength by the mass. Results are presented in
Table 3.
3.3. Grinding energy
Fig. 7 shows the relationship between the speciﬁc energy require-
ment of grinding pellets and the total weight loss (TWL). Results of
the single pellet compression strength are also presented in this
ﬁgure. Both results show the similar trend of energy decreasing
when the TWL increases. Fig. 8 plots energy reduction against pellets'
energy loss, which is listed in Table 2. It can be seen that about 73% of
the energy used in the grinding process can be saved by losing 9%
of the pellets' heating value due to torrefaction, but further increase
of the pellets’ energy loss does not reduce the grinding energy a lot.
However, the absolute value of the thermal energy lost from the
pellets (1653 J g−1) is much higher than the electrical energy saved
during grinding (19.6 J g−1) in this case. The fraction of grinding
energy saved due to torrefaction in torreﬁed pellets’ HHV was also
plotted in Fig. 8 for different torrefaction temperatures. Since the
energy consumption during grinding depends on the end particle
size, a higher absolute value of energy saving can be expected with
decreasing particle size, when ﬁne grinding is chosen.
Mass fractions of the particles retained on each test sieve in relation
to the geometric mean diameter of the particles on each sieve are
shown in Fig. 9. An obvious increase (8% compared to reference sample)
of small particles (about 1 mm) occurs already at a torrefaction temper-
ature of 230 °C. Further increase of torrefaction temperature (from 230
to 270 °C) resulted only in slight increase of small particles (+ 5%), but
steep decrease of big particles (- 10%).
3.4. Standard durability test
The results from the standardized mechanical durability test are
presented in Fig. 10. It can be seen that the torrefaction resulted in
pellets with more dusts and lower durability when exposed to
mechanical loads. And this effect increases with increasing torrefaction
temperature.
Fig. 11 illustrates the correlation between the durability and the
compression energy. It is seen that an exponential function ﬁts the
correlation well. This indicates that if the compression energy is
known, a reasonable estimate for the durability can be made and
vice versa. It must also be noted that the analysis was based on pellets
with a diameter of 6 mm only, which means the diameter parameter
has not been taken into account, and that the present parameters may
not ﬁt i.e. 8 mm pellet. However in this case, if pellets of 15 mm
lengths have compression strength higher than 0.6 J (1.53 J g−1 pellet
Fig. 4. Pellet before and after compression in the universal material machine.
Fig. 5. Plot illustrating the compression strength analysis of 25 reference pellets.
Fig. 6. Linear regressions of compression strength as y-axis (in J) vs. pellet length as
x-axis (in mm).
Table 3
The compression strength of a model pellet (15 mm long) based on the linear regres-
sions in Fig. 6.
Sample Strength, J pellet−1 Strength, J g-pellet−1
Reference 0.92 (0.20)a 2.25 (0.50)
230 °C 0.50 (0.09) 1.34 (0.25)
250 °C 0.25 (0.06) 0.76 (0.19)
270 °C 0.09 (0.04) 0.35 (0.18)
a Number enclosed in parenthesis are standard errors of predicted strength from the
regression parameters in Fig. 6.
26 L. Shang et al. / Fuel Processing Technology 101 (2012) 23–28
according to Table 3), it is likely the batch from which they are taken
has durability higher than 97.5%.
4. Conclusion and discussion
The study has shown that higher torrefaction temperature resulted
in higher weight and energy loss. A steep increase of total weight loss
(from 21% to 42%) and energy loss (from 9% to 23%) occurred when
the torrefaction temperature was increased from 250 to 270 °C. In
order to preserve energy in the pellet, torrefaction temperatures higher
than 250 °C should be avoided. However, if shorter residence time is
used in production, torrefaction temperature higher than 250 °C could
be relevant.
Both single pellet compression energy and energy required for
disc mill grinding showed a similar exponential decrease when TWL
increases. Rapid decreases happened in the ﬁrst 20% TWL; however
reduction was less when TWL increased from 20% to 40%. The particle
size distribution after disc mill grinding showed that an obvious
increase of small particles with diameter of about 1 mm happened
already at torrefaction temperature of 230 °C, whereas further increase
of temperature resulted in only slight increase of small particles but
extensive decrease of large particles with diameter of about 2 mm.
The pellet durability showed negative relationship with torrefaction
temperature, and good correlation was shown among pellet durability,
the compression strength measured in a universal materials tester, and
the energy requirement for grinding. It means that compression
strength of single pellet can be used as a product quality controlmethod
to predict the durability of thewhole batch pellets and the energy use in
grinding and vice versa.
In order to produce pellets (with diameter of 6 mm) with durability
higher than 97.5% as required by ENPlus, compression strength of 0.6
joule per pellet with length of 15 mm (or 1.53 joule per gram pellet
with length of 15 mm) is needed, and grinding energy of about
15.3 J g−1 is expected. At this condition, energy reduction in grinding
compared with untreated pellets is 43% (11.6 J g−1), and the energy
loss due to the torrefaction of pellets is about 4% (730 J g−1 based on
original mass). However, the higher heating value (HHV) is increased
by about 1600 J g−1 from 18.4 MJ kg−1 for reference pellets to
20.0 MJ kg−1, which corresponds to a torrefaction temperature of a
bit lower than 230 °C with residence time of 1 h.
On the other hand a previous work [10] has shown that pellets
pressed from torreﬁed spruce increase signiﬁcantly in length after
pelletization, which indicates worse quality of inter-particle bonding
with correlation to higher torrefaction temperatures. The pellets pro-
duced in this study (put the torrefaction step after the pelletization
step) exhibit better durability, no spring back effect or disintegration
was observed for pellets even torreﬁed at 270 °C. Similar conclusions
of low durability and low mass density were also drawn for pellets
made from pine wood torreﬁed at 300 °C by Reza et al. [19] in a recent
study, although they succeeded making mechanically durable pellets
from hydrothermally carbonized pine wood without additives.
However, there is lack of results for pellets made from biomass torre-
ﬁed at temperatures below 250 °C. Furthermore, all pellets made by
pelletizing torreﬁed biomass reviewed here [9,10,19] are from single
pellet press, which works in a different way compared to commercial
Fig. 7. The speciﬁc energy required for grinding pellets (E, J g−1) and the compression
strength of single 15-mm-long pellet (J g−1) vs. total weight loss (TWL) of pellet samples
after torrefaction.
Fig. 8. Energy reduction during grinding and the fraction of reduced grinding energy
(ΔE) in sample's higher heating value (HHV) vs. pellets' energy loss due to torrefaction.
Fig. 9. Particle size distribution of ﬁnes after the energy consumption measurement.
Fig. 10. The results from the standard durability test and mass fraction of dust in the
sample prior to the test.
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pellet mills. In fact, a variety of pellets made from torreﬁed biomass
are available in markets and they possess very good durability,
which means the pellet quality can still be enhanced by adding
additives or improving the torrefaction process, for example wet
torrefaction.
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a  b s t  r  a  c t
Torrefaction  is  a  mild thermal  treatment  (200–300 ◦C)  in  an  inert  atmosphere,  which  is  known to  increase
the energy  density  of biomass  by  evaporating water  and  a  proportion  of  volatiles. In  this work,  the  degra-
dation kinetics  and  devolatilization of  wheat straw  was  studied  in  a  thermogravimetric  analyzer by
coupling with a  mass  spectrometer. The kinetic parameters obtained  by  applying  a two-step reaction in
series model  and  taking initial  dynamic heating  period  into  account can accurately describe the exper-
imental results  with different  heating  programs. Activation  energies  and pre-exponential  parameters
obtained for  the two  steps are:  71.0  and 76.6  kJ mol−1,  3.48 ×  104 and  4.34 ×  103 s−1,  respectively. The
model and these  parameters  were also  proven  to  be able  to  predict  the residual mass  of  wheat straw in
a batch scale  torrefaction  reactor.  By  analyzing the gas products  in situ,  the formation  of  water,  carbon
monoxide, formic  acid,  formaldehyde, methanol, acetic  acid,  carbon  dioxide, methyl  chloride,  traces of
hydrogen sulﬁde  and carbonyl  sulﬁde  were found at  torrefaction  temperatures  of 250 and  300 ◦C.
© 2012  Elsevier B.V.  All rights  reserved.
1. Introduction
Torrefaction is a mild temperature (200–300 ◦C) pretreatment
in an inert atmosphere to upgrade ligno-cellulosic biomass to  a high
quality biofuel. During the process, biomass releases water and a
part of the volatiles, causing a decrease in mass but an increase
in energy density [1–3]. Our earlier work also showed improved
grindability of wheat  straw torreﬁed above 200 ◦C [3].  The loss
of hemicelluloses, the degradation of which starts  at 200–250 ◦C
and cease at about 300 ◦C,  is the  main reason for the improve-
ment of grindability in this temperature range. Degradation of  the
other two main components, lignin and  cellulose, detected by ATR
(attenuated total reﬂectance) – Fourier transform infrared spec-
troscopy occurs at 270–300 ◦C.  This results in  a higher energy loss
from the wheat straw in this temperature range. So in order to
control and optimize the process, it is desired to know the resi-
dence times required for  complete conversion of  the hemicelluloses
but only minor degradation of cellulose and lignin in the  biomass.
The residence time is the result of heat, mass transfer and solid
degradation rate in the reacting environment [4].  Therefore, it is
important to know the chemical kinetics to predict the thermal
decompositions of wheat straw.  Thermogravimetric analysis (TGA)
∗ Corresponding author. Tel.: +45 2132 4979; fax: +45 4677 4109.
E-mail address: lesh@kt.dtu.dk (L. Shang).
is  the most common technique in solid-phase thermal degrada-
tion studies [5–7].  However, the use of TGA to determine kinetic
parameters for  the thermal degradation of biomass is  complicated
in that TGA only provides general information on the overall reac-
tion kinetics while biomass decomposition represents a number of
reactions in parallel and series. In  practice, the aim of  the kinetic
evaluation of  the thermogravimetric data is  to obtain  relatively
simple models, describing the torrefaction of biomass [8]. There
are plenty  of research data [9] relating to pyrolysis of biomass
under both dynamic conditions (non-isothermal) and steady-state
(isothermal) conditions. The main  advantage of determining kinetic
parameters by non-isothermal methods rather than  by isothermal
studies is that only a single sample is  required to calculate the
kinetics over an entire temperature range in a continuous manner.
However, it is  widely agreed that multiple heating rates should be
adopted to  enhance the  accuracy of  the non-isothermal method [9].
In case of torrefaction, all kinetic studies [10–12] were con-
ducted under isothermal condition. Prins et al. [12] used a two-step
reaction in  series model to  describe the weight loss kinetics  of wil-
low torrefaction. This model, as  shown in scheme (1), was  earlier
introduced by Di Blasi and Lanzetta [4] for studying the intrinsic
kinetics of isothermal xylan degradation under inert atmosphere in
the temperature range of 200–340 ◦C. They found that a one-step
global reaction did not ﬁt the experimental results satisfactorily,
as the  time  derivative of  the solid mass fraction as a function of
temperature exhibited a double peak. In  both steps, a competitive
0165-2370/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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volatile and solid formation was taken into account.  In the later
study done by Branca and Di Blasi on beech wood [13], it  was sug-
gested that the ﬁrst step is due  to  the degradation of extractives
and the most reactive fractions of hemicelluloses, and the sec-
ond step is due to the degradation of  cellulose and part of  lignin
and hemicelluloses. For temperatures higher than 327 ◦C there is
a third step, which can be  attributed to the degradation of  lignin
and small fractions of the other two constituents. It was observed
from both studies that the ﬁrst step is  much faster than the sec-
ond step. Di Blasi and Lanzetta [4] pointed out the usual limitation
encountered in order to attain the isothermal stage is  that by  using
slow heating rates to avoid intra-particle temperature gradients
usually result in non-negligible weight loss in  the heating stage.
Therefore high heating rate (40–70 ◦C s−1) was adopted, and the
char yield was determined as a function of  the sample size prior
to the tests to ensure no inﬂuence from the temperature spatial
gradients. Constant char yields were attained for sample thickness
around 100 m,  so particle size of 50 m  was chosen for  the test.
The results showed that the faction of  mass loss  for the beginning
of isothermal stage is in the range of  0–0.16. So it was  decided that
these data can be analyzed by an isothermal model.
(1)
d [A]
dt
= − (kB + kv1) [A] (2)
d [B]
dt
= kB [A] − (kC + kv2) [B] (3)
d [C]
dt
= kC [B] (4)
In scheme (1) the xylan is denoted ‘A’, and ‘B’  is the intermediate
compound, which is a solid with a  reduced degree of polymeriza-
tion. ‘V1′ and ‘V2′ are volatiles; ‘C’ is the  solid  residue. From the
proposed model, rate equations, as shown in Eqs.  (2)–(4), can be
obtained for solids by assuming ﬁrst order reactions [4,12],  where
k is the rate constant for each step, and  is  expressed as  s−1.  Inte-
grate the above differential equations, with the initial condition
that only A is present at the beginning of the reactions, expression
for the solid residual, M,  as a  function of  the two steps  of  the reaction
mechanism can be given:
M − M∞
M0
= 1e−K1t + 2e−K2t (5)
where
M
M0
= [A] + [B] + [C] (6)
1 = 1 +
[
kB · K1 − kB · kC
K1 · (K2 − K1)
]
,  2 =
−kB ·  K2 +  kB · kC
K2 · (K2 −  K1)
(7)
M∞
M0
= kB · kC
K1 · K2
(8)
K1 = kB + kv1, K2 = kC +  kv2 (9)
M0 is the initial sample mass on ash  free basis; M∞ is  the  ﬁnal char
yield [C] when time is sufﬁciently long. M/M0 can be determined
experimentally by:(
M
M0
)
exp
= mTGA − mash
m0 − mash
(10)
where  m0 is the initial sample mass, mash is  mass of ash in the
sample and mTGA is  the mass measured by  TGA as  a function of
time.
Di Blasi  and  Lanzetta [4]  used graphical method to determine
kinetic parameters by taking logarithm of  Eq. (5).
ln
(
1  − M0 − M
M0 −  MB∗
)
= −K1 ·  t (11)
ln
(
1  − MB∗ − M
MB∗ − M∞
)
=  −K2 · (t  − t∗) (12)
where t* is demarcation time, which separates the ﬁrst and  the sec-
ond step. Consequently, MB* is  the maximum value of the reaction
intermediate mass, which occurs at  time t*. If the left  side of Eqs.
(11) and (12) is  plotted against time for  different temperatures, K1
and K2 can then be obtained from the slope  of these sets of straight
lines. Arrhenius plots are then used to get activation energies, Ea,
and pre-exponential factors, A.
ln k = ln (A) − Ea
RT
(13)
Prins et al.  [12] mentioned that an exact demarcation time is dif-
ﬁcult to establish for their results due  to overlapping of  the reaction
steps. They used a  numerical approach (MATLAB) to ﬁt all kinetic
parameters by  minimizing the  sum of squares function:
F =
∑
i
[(
M
M0
)
exp,i
−
(
M
M0
)
theor,i
]2
(14)
Different from Di Blasi and Lanzetta [4], bigger  particle size
(0.7–2.0 mm)  and a much lower heating rate (10 ◦C min −1 to reach
the isothermal part) was  used in the experiments to obtain the
kinetic parameters. However, the model ﬁt the results obtained
with the higher heating rate  (100 ◦C min −1 at 260 ◦C) well in the
ﬁrst 14 min.
Repellin et al.  [11] proposed that torrefaction is  kinetically con-
trolled and neglected heat transfer within wood chips in their study,
because the time taken for the center of  a  wood chip to  reach
the temperature imposed at the surface of these chips is short
compared to the heating rate and  the  residence time of torrefac-
tion (e.g.  at 200 ◦C,  this characteristic time was  8 s for beech and
11 s for spruce). It was also concluded that for  a residence time
of more than 20 min, the anhydrous weight loss  (AWL) depends
almost entirely on the torrefaction temperature, because AWL  is
composed of two stages. The ﬁrst stage is completed within 20  min
with a rapid increase, the second one matches with a slow increase.
They used activation energies found in the literature and adjusted
kinetic constants for the three  models to ﬁt the calculated weight
loss to the experimental data using a minimization of  least  squares
method. The models used were a  global one-step reaction model, a
Di Blasi and Lanzetta model [4], and a Rousset model [14].  The Rous-
set model assumes that lignin and cellulose hardly react; hence the
decomposition of  hemicelluloses is the reason for  the overall AWL
of wood. However, Repellin et  al.  only compared the ﬁnal AWL
with experimental results;  no  comparison was conducted on the
degradation of  wood as a function of time.
Chen and Kuo  [10] analyzed the thermal decompositions of the
three constituents (hemicelluloses, cellulose and  lignin) separately
using TGA at 200–300 ◦C  with 1 h residence time. Kinetic parame-
ters (activation energy, pre-exponential factor and reaction order)
were derived by  applying  a  global one-step reaction model to the
weight loss curve for these three constituents. With the assump-
tion of  no interaction among hemicelluloses, cellulose and lignin,
the torrefaction of  a mixture of these constituents can be described
by the superimposed kinetics. The limitation of this model is  that
the heating period  is  not  taken into account, and that the conversion
of the components, especially hemicellulose and xylan, is  already as
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high as 70% at the beginning of  torrefaction at 300 ◦C. So  the inter-
pretation of the data lacks an  important part of the whole process.
And hence the use of this model will be limited if  different heating
rates are applied. Moreover, as  the assumption of a constant ratio
of char to volatile yields is  made;  one-step mechanisms cannot be
applied to predict product distribution [4].
Therefore, the present study uses a two-step reaction in series
model as shown in Eq. (1) and includes the non-isothermal part
of torrefaction in the model. Wheat straw sample (<0.09 mm) was
tested on TGA at heating rates of 10 and 50 ◦C  min−1 to obtain
intrinsic kinetic parameters. Afterwards this model and  parame-
ters were examined by comparing the residual mass predicted by
the model and experimental data from a batch scale reactor.  Sec-
ondly, devolatilization of  wheat  straw during torrefaction (at 250
and 300 ◦C) was studied by  coupling a mass spectrometer with the
TGA and detecting the  gas products  in situ.  The  relative quantity
of each gas product from the  two torrefaction temperatures was
also compared. The objective of this study is  to develop a kinetic
expression that can predict the  mass  loss  and gas evolution during
torrefaction of wheat straw under real production conditions.
2. Experimental
2.1. Materials
The wheat straw used in this study is from winter wheat
(Triticum aestivum L.), which was the most grown wheat species
in Denmark in 2008. The  straw was cut by hand in  the ﬁeld on
the island of Funen, Denmark (55◦21′N, 10◦21′E) in August 2008,
and stored indoors packed in paper bags. Prior to the  TGA experi-
ment, wheat straw were milled and particles smaller than  90 m
were collected. The cell  wall composition and proximate analysis
of the wheat straw raw material are listed in Table 1,  and detailed
descriptions of the analysis methods can be found in previous work
[3,15].
2.2. Thermogravimetric analysis
Torrefaction of wheat straw (in the range of  250 and 300 ◦C)
at heating rates of both 10 and 50 ◦C min−1 were carried out on  a
TGA (TG 209 F3, NETZSCH, Germany) with a  nitrogen ﬂow rate  of
40 cm3 min−1.  Sample weight varied from 3 to 5 mg,  and  ceramic
crucible was used for  the test. In  each test, the sample was  ﬁrst
heated up to 105 ◦C at  20 ◦C  min−1 and held for 3  min  for complete
drying, then heated to the desired torrefaction temperature and
held for 90 min. Afterwards, purge gas was switched from nitrogen
to air and the sample was heated to 850 ◦C at  50 ◦C min−1, and kept
at this temperature for 5 min  for complete combustion. The residual
mass is the ash content, and data  was obtained using Eq. (10).  Two
tests were conducted for each  condition, and good reproducibility
was achieved.
2.3. Thermogravimetric/mass spectrometric analysis
Torrefaction tests were also  carried out using a thermal ana-
lyzer (STA 409, NETZSCH, Germany) in the TGA/DSC conﬁguration
mode. Prior to the experiment, wheat  straw particles were dried in
the oven at 100 ◦C overnight. Approximately 10 mg  of the sample
was placed on the microbalance and heated at 10 ◦C min−1 under
50 cm3 min−1 argon, to a ﬁnal temperature of  250  or 300 ◦C, and
kept at this temperature for 1 h. Evolved gas was analyzed online by
a quadrupole mass spectrometer (QMS 403  C,  NETZSCH, Germany)
coupled to the TGA. In order to prevent condensation of  the  evolved
gas, the transfer line and inlet system of QMS  was  kept at ca. 300 ◦C.
A small portion of the evolved gas together with the purge gas was
led to the ion source of the mass spectrometer, since the pressure
drops  from atmospheric pressure  in the TGA down to high vacuum
in the QMS.
The  analysis was focused on selected ions (m/z), in  particular
those which had been detected with high intensity. Since it  is  dif-
ﬁcult to assign  a given fragment to a single compound without
conﬁrmation by  complimentary methods, the main  detected m/z
values were associated with  the chemical species that are com-
monly present in gas products of wheat straw  torrefaction or  early
stages of pyrolysis. A  maximum number of 64 ions could be moni-
tored as a function of time. The mass  spectrometric intensities were
normalized by  the initial sample mass, and the background was
subtracted. In  order to compare the relative intensity  of  gas prod-
ucts at different temperatures, the signals were further normalized
by the total intensity current  (TIC) of the experiment [16].  How-
ever no speciﬁc response factors were applied. In order to reach
the most reasonable association, the ion traces of both parent and
fragment ions  of most species have been considered. Furanes and
phenols (tar), e.g. furfural and guaiacol, were not detected.
The quantiﬁcation analysis of gaseous products released during
torrefaction was  only performed for H2O in this study based on the
methods used by Tihay  and Gillard [17]. The concentration of  H2O
was directly deduced from the ion  intensities by:
[H2O] =
I18
FA
(15)
where I18 is  the ion intensity for m/z 18 (H2O), FA is  the calibration
factor for H2O. Correction due to 36Ar2+ was not required.
2.4. Torrefaction in batch scale
In order to verify the model and  kinetic parameters from the
TGA test, torrefaction of wheat straw was conducted in  a batch scale
reactor as shown in  Fig. 1.  For each test, wheat  straw (whole stalk,
about 50 g) was  ﬁrst dried in the oven  at 104 ◦C for 24 h  prior to  the
torrefaction, and  subsequently placed in an air tight metal reac-
tor (15 cm × 31 cm ×  10 cm) with nitrogen gas in and  outlet, and a
thermocouple centered in  the reactor. The reactor was placed in
an oven (type  S  90, Lyngbyovnen, Denmark) with heating rate of
6 ◦C min−1. Nitrogen  ﬂow was adjusted to  500  cm3 min−1, and  a
heater was used for gas outlet to avoid condensation. Torrefaction
was carried out at  temperatures spanning from 200 to 300 ◦C for
about 2 h residence time (from the thermocouple inside the reac-
tor reached the torrefaction temperature until the start of cooling
down period). Ash  content  was  determined by  placing the samples
in a mufﬂe  furnace at 550 ◦C  for 3 h. Before the measurement, sam-
ple crucibles were ashed and dried. Two  measurements were taken
for each condition.
3. Results and  discussion
3.1. Thermal decomposition characteristics
The differential thermogravimetric (DTG) curves at 250 ◦C and
300 ◦C are shown in  Fig. 2, which allows observing the different
torrefaction stages. The ﬁrst peak between 50 ◦C and 150 ◦C is  usu-
ally called drying stage, and  corresponding to the vaporization
of moisture, to the desorption of water and to  the emission of
volatile organic compounds [17].  The  shoulder around 280 ◦C dur-
ing torrefaction at 300 ◦C  can be attributed to the hemicellulose
degradation. The maximum peak, which occurs when temperature
reaches 300 ◦C, corresponds to the  main step of cellulose degrada-
tion (depolymerization). No  shoulder is observed for torrefaction
conducted at 250 ◦C, which means the reaction temperature of
250 ◦C is not high  enough for the degradation of  cellulose. This is
in agreement with the conclusion drawn from our early work [3],
where the degradation temperature of  cellulose in wheat straw
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Table  1
Chemical and proximate analysis (d.b.) of oven dried wheat straw.
Cell  wall  composition Proximate analysis
Lignin Cellulose Hemicellulose Moisture Volatiles Fixed carbon Ash
Wheat straw 20.3 34.0 26.5 1.35 74.78 19.23 4.6
Fig. 1. Drawing of the torrefaction reactor.
was found to be between 270 and 300 ◦C.  This also  conﬁrms the
hypothesis of two-step reaction in serial models.
3.2. Kinetic model for torrefaction
The two-step reaction series model, as shown in scheme (1), was
chosen for this study. In contrast to Di Blasi and  Lanzetta [4], slow
heating rate was used in this study to avoid intra-particle tempera-
ture gradients. Therefore, weight loss during heating stage  needs to
Fig. 2. Temperature and DTG proﬁle of  wheat straw torreﬁed at  250 ◦C  (dash line)
and 300 ◦C (solid line) at heating rate of 10 ◦C  min−1.
be taken into  account when deriving the kinetic parameters from
the isothermal stage:
at t  = 0, [A] = [A]0, [B] = [B]0, [C] = [C]0
Integration of Eqs. (2)–(4) with  the above mentioned initial con-
ditions gives:
[A] = [A]0 exp (−K1t) (16)
[B] = kB[A]0
K1 − K2 [
exp (−K2t) − exp (−K1t)] + [B]0 exp (−K2t) (17)
[C] = [C]0 +
kC (kB[A]0 + K1[B]0)
K1K2
+ kBkC [A]0 exp (−K1t)
K1 (K1 − K2)
− kBkC [A]0 exp (−K2t)
K2 (K1 −  K2)
− kC [B]0 exp (−K2t)
K2
(18)
(
M
M0
)
theor
= [A] + [B] + [C] (19)
A schematic drawing of  the algorithm taking into account the
chemical composition change at the onset  of the isothermal period
is shown in Fig. 3. In the ﬁrst iteration it  was assumed that the  entire
solid is A, with  no B and  C. With  this initial assumption and  a start-
ing guess of kB, kV1, kC, kV2, which were based on values found  from
[12], nonlinear optimization using the MATLAB (version R2008b)
command ‘lsqcurveﬁt’ was  made with the default tolerance sett-
ings. The ‘lsqcurveﬁt’ is based on  the Niedler–Mead optimization
algorithm and  used to  minimize the root mean square of the  dif-
ference between the calculated and experimental data. Following
this, at  each temperature the four pre-exponential factors (A)  and
activation energies (Ea) were calculated by  means of Arrhenius plot
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Fig. 3. Diagram of algorithm used  in MATLAB for calculating kinetic parameters of
wheat  straw torrefaction.
as shown in Eq. (13).  With these calculated values the initial con-
centration of the isothermal period for  A, B,  and  C  can be  obtained,
and then used as input for the optimization. The calculations were
done by numerical solution of  the three coupled ﬁrst order differen-
tial equations, as shown in Eqs. (2)–(4).  To account for the heating
rate, the chain rule was used to transform the equations into  the
temperature dependent form shown in Eqs.  (20)–(22).  From the
second iteration and onwards the calculated A  and  Ea were used to
provide the starting guess for  the  Niedler–Mead optimization. The
procedure was repeated until stable values for the A  and  Ea were
reached, as shown in Fig. 4.
d [A]
dT
=
(
dt
dT
)
·
{
− (kB + kv1)  [A]
}
= 1
ˇ
·
{
− (kB + kv1)  [A]
}
(20)
d [B]
dT
= 1
ˇ
·
{
kB [A] − (kC + kv2) [B]
}
(21)
d [C]
dT
= 1
ˇ
·
{
kC [B]
}
(22)
where  ˇ is the heating rate in ◦C  s−1.
Fig. 4. Plot of  activation energies (Ea) and pre-exponential factors (A) from each
iteration when  deriving kinetic parameters for kB ,  kV1,  kC , kV2 (from left to right).
3.3. Kinetic parameters and  model veriﬁcation
The kinetic parameters obtained by ﬁtting the experimental
data at 250,  260, 275 ◦C (at heating rate of  10 ◦C min−1)  and  at  250,
260, 275, 280 (at heating rate of 50 ◦C min−1) are as follows:
kB = 3.48 × 104 exp
(−70999
RT
)
(23)
kv1 = 3.91  × 1010 exp
(−139460
RT
)
(24)
kC =  4.34  ×  103 exp
(−76566
RT
)
(25)
kv2 = 3.48  × 107 exp
(−118620
RT
)
(26)
where k is  the reaction rate  constant in unit of  s−1, T is  the tem-
perature in K, and R is the universal gas constant in J mol−1 K−1.
In agreement with literature, the ﬁrst step is much faster than the
second step.  Solid yields for the two reaction steps decreased from
85% and 66% at  250 ◦C to 61% and 46% at 300 ◦C, respectively.
In order to verify the model, experimental data were compared
with the model results for both the non-isothermal part (heating
period from 200 ◦C to ﬁnal torrefaction at both heating rates) and
isothermal part. Due to  the similarity, only results from 10 ◦C min−1
are shown in Fig. 5  part (a). Instead, a multiple-step torrefaction
was run from 200 ◦C to 270 ◦C at  different heating rates and  held
at 270 ◦C for 1  h.  The model and  experimental results are shown in
Fig. 5(b). It can be seen the model described the reaction accurately.
The model was  also  tested on torrefaction of  wheat straw con-
ducted in a  batch reactor, as shown in Fig. 1. The temperature
recorded in the center of the  reactor was  used as  the input for the
model to calculate the residual mass, assuming heat transfer from
the wheat straw surface to  the center is much  faster than  the heat-
ing rate of the oven. Model and experimental results are shown
in Fig. 6. There is a good correlation between model results and
experimental data.
3.4. Gas evolution with MS  analysis
Gas products detected during torrefaction of wheat straw based
on selected ions were water (18), carbon monoxide (28),  formic
acid (46,  45),  formaldehyde (30, 29),  methanol (31, 32), acetic acid
(43, 45, 60), carbon dioxide (44), methyl chloride (50, 52).  Traces
of hydrogen sulﬁde (34) and carbonyl sulﬁde (60, 48) were also
found. In addition, relatively  large quantities of  simple aliphatic
hydrocarbons were apparently present, CxHy and  CxH2x (15, 27, 39,
41).
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Fig. 5. Experimental and modeled relative weight (on ash free basis) of  wheat straw vs. time for (a) at heating rate of 10 K  min−1.  (b) Multiple-step heating at various rates.
Starting  weight is deﬁned at 200 ◦C; heating period from 200 ◦C to  desired torrefaction temperature is  included in the  plot.
Fig. 6. Correlation between experimental residual mass obtained from torrefaction
of  wheat straw in a batch reactor and  calculated results from the  model.  Both results
are  on dry and ash free basis.
Table 2
Fraction of  wheat straw overall mass loss at two  stages, and calculated mass fraction
of  water evolved during  torrefaction after the drying stage.
% 300 ◦C 250 ◦C
Mass loss at 10 min  0.66  0.67
Mass  loss at 81.5 min 57.95 21.59
H2O  released from 10  to  81.5 min  26.00 7.94
Since no signals other than water was  observed during the early
stage (<150 ◦C), the total  weight loss  in this period can be attributed
to the release of  water (the ﬁrst  peak of  m/z =  18 in Fig. 7). Based on
Eq. (15),  the cumulative water evolution during torrefaction after
drying stage  (the second peak of  m/z = 18),  mH2O,2nd, can be calcu-
lated by  Eq. (27) and  results are  shown in  Table 2.  It  can be seen
that at 300 ◦C, evolution of water (26.66%) accounts for almost half
of the overall mass  loss (57.95%). Similar results were reported by
Prins et  al.  [18] that a mass fraction of 5.5% released from straw
when torreﬁed at 250 ◦C  for 30 min  was  water and water released
from willow when torreﬁed at 300 ◦C and 250 ◦C  was 13% and 7%,
respectively.
mH2O,2nd =  mH2O,1st ×
∫ 81.5  min
10 min
I18∫ 10 min
0  min
I18
(27)
Fig. 7. DTG and MS  curves of wheat straw torreﬁed at  300 ◦C (a)  and  250 ◦C (b).  The straight line refers to the time  when yield of  the intermediate solid product ‘B’ reaches
the  maximum.
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Fig. 8. Ratio of each gas product released from wheat straw at  250  and 300 ◦C by
calculating the relative intensity (RI)  integral over the  period from 200 ◦C  until  the
end  of torrefaction.
Fig. 8 indicates the relative quantities of each  gas released from
torrefaction at temperatures of  250  and 300 ◦C  for a residence time
of 1 h. It can be seen that the quantities of  most of the gas products
released at 250 ◦C was about 30% of the gasses released at 300 ◦C,
except for formic acid (46). It means that formic  acid is preferen-
tially released at lower temperatures compared to  the other gases.
This phenomenon can also be observed from the 300 ◦C data in
Fig. 7, where the peak of  this compound appeared before the other
products.
4. Discussion
Fig. 9 shows the change of A,  B,  and C at torrefaction temper-
atures of 250 and 300 ◦C with  a heating rate  of 10 ◦C min−1 from
200 ◦C. At a torrefaction temperature of 300 ◦C,  the isothermal part
of torrefaction starts at 600  s, where [A]0 is  as low as  4%. So  it is
not reasonable to assume that only A is  present at the beginning of
the reaction with a low heating rate such as 10 ◦C  min−1 as in [12].
In order to simulate the model with such assumption, 1 iteration
instead of 50 was run to derive the kinetic parameters. A compar-
ison of model results and experimental data are shown in Fig. 10.
Fig. 9. Yields of A, B, and C at torrefaction temperature of 250  and  300 ◦C  and heating
rate  of 10 ◦C min−1. Starting weight deﬁned at  200 ◦C, heating period from 200 ◦C is
included in the plot.
Fig. 10. Same experimental results as  in Fig. 5 part (a), but  with  modeled relative
weight  using kinetic parameters from only one iteration.
In  comparison with Fig. 5, which shows the model results using
parameters from 50 iterations, it  can be seen that the parameters
from 50 iterations gives  a better ﬁt to the experimental data.
In this study, experimental data at both heating rates (10 and
50 ◦C min−1)  were  used to  derive the activation energies (Ea) and
pre-exponential factors (A), because model with these parame-
ters gives best ﬁt to most experimental results. It can be seen in
Fig. 5  that at higher temperature the agreement between model
and experimental data is not as good  as  at lower temperature. This
is because the experimental data used to derive  the kinetic parame-
ters is  only up to  275 ◦C for 10 ◦C  min−1, and  280 ◦C  for 50 ◦C min−1.
The reason of not including experimental data above 280 ◦C is  due
to that the heating rate of the TGA is limited to  80 ◦C min−1, and thus
while being heated to high  temperature (e.g. 300 ◦C)  major frac-
tion of A  will already  be transformed to B in initial non-isothermal
phase of experiments. Another potential problem is  the tempera-
ture overshooting when reaching the desired temperature in TGA,
and the higher the set temperature (and/or the higher the  heating
rate) the larger the overshoot occurs. For example, the overshoot
can be 10 ◦C for 290 ◦C with 50 ◦C  min−1.  It was  also found kinetic
parameters obtained by including these experimental data  do not
ﬁt well  with 10 ◦C min−1 experimental data when applied to the
model.
According to Fig. 9, the maximum yield of B  ([B]max) is found
at 580 and  1140 s for torrefaction temperatures of  300  and 250 ◦C,
respectively. At  300 ◦C,  [B]max locates close  to the end of  ﬁrst step
reaction and the early stage of the second step reaction, since  the
yield of A decreases to  almost zero and  the yield of C just starts
to increase from 0. While for 250 ◦C [B]max is reached during the
second step. The vertical straight lines in Fig. 7 correspond to 580
and 1140 s after reaching 200 ◦C.  Correspondingly, most gases were
released before reaching the [B]max for 250 ◦C, while for 300 ◦C more
than half of the gas products were released after reaching the  [B]max.
However, when applying the model to  a real torrefaction facility,
there could be limitations from heat transfer when biomass in other
forms (e.g. logs, chips, etc.)  or other kinds (e.g. biomass with differ-
ent compositions that may  generate heat during torrefaction) are
used as  feedstock. In this case,  a heat transfer model will need  to be
coupled to the existing kinetic model for the mass  loss  calculations.
5. Conclusion
A  two-step ﬁrst order reaction in  series model was used to  study
the kinetics of  wheat straw torrefaction in  a TGA setup. In contrast
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to other studies, which obtained the kinetic parameters from the
isothermal part of torrefaction by neglecting the degradation of
sample during the heating period, this paper took the mass loss
during the heating period into account when deriving the param-
eters. The results show that parameters obtained in  this way  are
in better accordance with the  experimental results. Torrefaction of
wheat straw was  also conducted in a batch scale reactor at  a much
lower heating rate; a model with kinetic parameters obtained
from TGA gave good prediction of residual mass at the  end of the
reaction. It means the mass yield and gross chemical state of solids
in the real torrefaction facility can be predicted by  simply knowing
the temperature history of  the sample.  By analyzing the gas evo-
lution in situ,  water, carbon monoxide, formic acid, formaldehyde,
methanol, acetic acid, carbon dioxide, methyl chloride, and  traces
of hydrogen sulﬁde, carbonyl sulﬁde were found at both 250  and
300 ◦C. At 300 ◦C, evolution of water accounts for almost half of
the overall mass loss.
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Abstract
Torrefaction is a mild thermal treatment (200- Û& LQ DQ LQHUW DWPRVSKHUH ZKLFK LV NQRZQ WR
increase the energy density of biomass by evaporating water and a proportion of volatiles. In this work, 
a two-step first order reaction in series model was used to study the kinetics of wheat straw torrefaction 
in a thermogravimetric analyzer (TGA) setup. In contrast to other studies, which obtained the kinetic 
parameters from the isothermal part of torrefaction by neglecting the degradation of sample during the
heating period, this work took the mass loss during the heating period into account when deriving the 
parameters. The results show that parameters obtained in this way are in better accordance with the 
experimental results, and they can accurately describe the experimental results with different heating 
programs. Torrefaction of wheat straw was also conducted in a batch scale reactor at a much lower 
heating rate; a model with kinetic parameters obtained from TGA gave good prediction of residual 
mass at the end of the reaction. It means the mass yield of solids in the real torrefaction facility can be 
predicted by simply knowing the temperature history of the sample. Together with the previously 
measured higher heating value (HHV) and energy yield plot of biomass torrefied at different 
conditions, it is possible to predict the HHV of the products in advance by just measuring the HHV of 
the raw material of the feedstock. This could be a reliable method as torrefaction process design in 
order to produce homogeneous torrefied products in real facilities.
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Explanatory pages
The two-step first order reaction in series model, as shown in scheme (1), was chosen for this study. As opposed 
to the high heating rate of 40-70 K s-1 adopted by Di Blasi and Lanzetta [1], slow heating rate (< 100 K min-1)
was used to avoid intra-particle temperature gradients. Therefore weight loss during heating stage needs to be 
taken into account when deriving the kinetic parameters from the isothermal stage. Prins et al. [2] first used this 
model, Eq. (2)-(4), for studying torrefaction of willow. But the degradation during the heating period was 
neglected. A schematic drawing of the algorithm taking into account the chemical composition change at the 
onset of the isothermal period is shown in Figure 1.
(1)
> @  > @Akk
dt
Ad
vB 1 (2)
> @ > @  > @BkkAk
dt
Bd
vCB 2                                                                                                                                       (3)
> @ > @Bk
dt
Cd
C 
(4)
Where the biomass is denoted ‘A’, and ‘B’ is the intermediate compound, which is a solid with a reduced degree 
of polymerization. ‘V1’ and ‘V2’ are volatiles; ‘C’ is the solid residue. k is the rate constant for each step, 
expressed as s-1. And > @ > @ > @ 0,0,0,0 CCBBAAtat     .
:KHDWVWUDZVDPSOHPPZDVWHVWHGRQ7*$DWKHDWLQJUDWHVRIDQGÛ&PLQ-1 to obtain intrinsic 
kinetic parameters. The model developed in this study allows predicting the mass yield of the solid by simply 
knowing the temperature history/profile of the biomass. In order to verify the model, experimental data were 
compared with model results for both non-isothermal part KHDWLQJSHULRG IURP Û& WR ILQDO WRUUHIDFWLRQDW
both heating rates) and isothermal part (Figure 2 (a)). The model was also tested on torrefaction of wheat straw 
conducted in our batch scale torrefaction reactor. The temperature recorded in the center of the reactor was used 
as the input for the model to calculate the residual mass, assuming heat transfer from the wheat straw surface to 
WKH FHQWHU LVPXFK IDVWHU WKDQ WKH KHDWLQJ UDWH RI WKH RYHQ  Û&PLQ-1). Model and experimental results are 
shown in Figure 2 (b).
Based on the previous studies about the heating value and energy yield of torrefied biomass (wheat straw, wood 
chips and pellets) (Figure 3), which shows a similar energy yield trend according to mass loss during torrefaction 
(AWL). It is possible to predict the higher heating value (HHV) of the products in advance by just measuring the 
HHV of the raw material of the feedstock. This method may supply a solution to the inhomogeneity problem of 
torrefied products encountered by most torrefaction facilities.
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Figure 1: Diagram of algorithm used in MATLAB for calculating kinetic parameters of wheat straw torrefaction 
[3]. 
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Figure 2: Experimental and modeled relative weight of wheat straw (daf) vs. time for (a) tests run on TGA at 
heating rate of 10 K min-1; (b) torrefaction of wheat straw in a batch reactor [3].
 
Figure 3: Higher heating value for wheat straw (Ɣ), wood pellets (Ŷ) wood chips (Ÿ), and energy yield for wheat 
straw (+), wood pellets (-), wood chips (×) vs. anhydrous weight loss (torrefaction was carried out from 200 to 300 
Ý& with every 20 Ý& interval) [4]. 
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